Síntese eletroquímica de filmes de óxido finos em superfícies de titânio e alumínio usando anodização a altas tensões by Lisenkov, Aleksey
 Universidade de Aveiro 
2017 
Departamento de Engenharia de Materiais e 
Cerâmica 
Aleksey 
Lisenkov 
 
Síntese eletroquímica de filmes de óxido finos em 
superfícies de titânio e alumínio usando anodização 
a altas tensões.  
 
Electrochemical synthesis of thin oxide films on 
titanium and aluminium surfaces using high voltage 
anodisation technique. 
 
 
 ii 
 iii 
 
 
Universidade de Aveiro 
2017  
Departamento de Engenharia de Materiais e 
Cerâmica 
Aleksey 
Lisenkov 
 
 
Síntese eletroquímica de filmes de óxido finos em 
superfícies de titânio e alumínio usando anodização 
a altas tensões.  
 
Electrochemical synthesis of thin oxide films on 
titanium and aluminium surfaces using high voltage 
anodisation technique. 
 
 Tese apresentada à Universidade de Aveiro para cumprimento dos requisitos 
necessários à obtenção do grau de Doutor em Ciência e Engenharia de 
Materiais, realizada sob a orientação científica do Doutor Mário G.S. Ferreira, 
Professor Catedrático do Departamento de Engenharia de Materiais e 
Cerâmica da Universidade de Aveiro 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Apoio financeiro da FCT, referência 
SFRH/BD/78628/2011 
 
 
 
 iv 
 v 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to my mother Iryna and to the memory of my father Dmitry for their 
immense love and care 
 
 
 vi 
 
 vii 
 
  
 
 
 
 
 
 
o júri   
 
presidente Prof. Doutor Vasile Staicu 
professor catedrático de Departamento de Matemática da Universidade de Aveiro  
 
 
Prof. Doutor Mário Guerreiro Silva Ferreira 
professor catedrático de Departamento de Engenharia de Materiais e Cerâmica da Universidade 
de Aveiro  
 
 
Prof. Doutor João C. Salvador Fernandes 
professor associado de Departamento de Engenharia Química da Instituto Superior Técnico 
  
 
 Prof. Doutor Christopher M.A. Brett 
professor catedrático de Departamento de Química da  Faculdade de Ciências e Tecnologia 
da Universidade de Coimbra 
  
 
 Prof. Doutor Carlos Manuel Melo Pereira 
professor auxiliar da Faculdade de Ciências da Universidade do Porto 
  
 
 Prof. Doutor Jorge Ribeiro Frade 
professor catedrático de Departamento de Engenharia de Materiais e Cerâmica da Universidade 
de Aveiro 
 viii 
 
  
 
 
 
 ix 
 
  
  
 
agradecimentos 
 
I would like to express sincere gratitude to my supervisors Professor Mário 
Ferreira and Dr. Mikhail Zheludkevich for inviting me in Portugal, their help, 
guidance and advises during my PhD studies. 
I address many thanks to Dr. Syargei Poznyak for his help with the 
experimental work, guidance, interesting and motivating discussions. I am 
particularly thankful to my colleagues and friends Dr. Silvar Kalip, Dr. Joao 
Tedim, Dr. Dmitry Ivanou, Dr. Kiryl Yasakau, Alena Kuznetsova, Maksim 
Starykevich, Claudio Almeida, Jorge Carneiro, Dr. Andrei Salak, Dr. Tiago 
Gavão, Dr. Isabel Sousa, Dr. Alexandre Bastos, Dr. Ricardo Serra, Dr. Alexei 
Yaremchenko, Dr. Fred Maia, Olga Karavai, Dr. Andrey Kavaleuski, Dr. Sergey 
Mikhalev, Ana Caetano, Diogo Almeida, Kiryl Zakharchuk who helped in my 
work. Also, I would like to express gratitude to Prof. Dr. M. Fátima Montemor 
and Prof. Dr. M.J. Carmezim for thier help during my visits to IST. 
Many thanks go to people in DEMaC that assisted and helped me during all 
those years. I personally to thank Marta Ferra for opening me the world of 
electron microscopy. Many thanks to Luísa, Alexandra, Paulo, Sophia, Carla 
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resumo 
 
 
A síntese eletroquímica de filmes finos de óxido usando a técnica de oxidação 
de alta tensão e a investigação da estrutura, propriedades físicas e químicas 
dos filmes obtidos são os principais objetivos desta tese. A anodização de 
metais sob a ação de vários kilovolts produz filmes com espessura pequena 
(até 180 nm) e com propriedades diferentes dos filmes formados usando 
técnicas eletroquímicas convencionais. As camadas de óxido depositadas 
desta forma conferem, frequentemente, melhores propriedades de proteção, 
semicondutoras e fotoeletroquímicas. No âmbito deste trabalho filmes finos 
sobre titânio e alumínio foram preparados em diferentes eletrólitos, incluindo 
soluções de ácidos e sais, bem como em água desionizada e peróxido de 
hidrogénio. Mostra-se que os filmes preparados por oxidação com descarga 
pulsada de alta tensão têm estrutura superficial e propriedades elétricas mais 
uniformes em comparação com os obtidos por anodização convencional. 
Outro objetivo do trabalho é a dopagem dos filmes anódicos com diferentes 
dopantes, por incorporação de espécies do eletrólito durante a formação do 
filme. Os filmes preparados por oxidação de descarga pulsada de alta tensão 
no titânio mostram uma melhor resposta de fotocorrente a comprimentos de 
onda pequenos e uma concentração mais baixa de dadores ionizados, 
relativamente aos filmes obtidos por anodização convencional. Os filmes 
preparados por descarga no alumínio e titânio são formados por uma camada 
compacta. Estudos sobre o processo de descarga revelaram que o principal 
fator que influencia a cinética de crescimento do filme de óxido é a 
concentração de defeitos pontuais, que por sua vez é determinada pela 
composição do eletrólito. Também se mostrou que as técnicas usando alta 
tensão permitem preparar filmes anódicos não só em soluções convencionais, 
mas igualmente em outros meios, tal como água desionizada, água destilada e 
peroxido de hidrogénio, onde a anodização por métodos convencionais 
(potenciostático ou galvanostático) é impossível. Além disso é revelado que a 
técnica da descarga pulsada de alta tensão é um método eficiente para 
encapsulação de nanocilindros de metal, preliminarmente depositados em 
nanoporos de titânia e alumina alinhados verticalmente. 
 
 xii 
 
 xiii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
keywords 
 
anodisation, thin oxide films, aluminium, titanium, powerful pulsed discharge 
oxidation,  EIS, SKPFM, impurity-free coatings  
abstract 
 
Electrochemical synthesis of thin oxide films by using the high-voltage oxidation 
technique and investigation of structure, physical and chemical properties of 
the obtained films are the main objectives of this thesis. Anodisation of metals 
under action of several kilovolts allow to produce films with rather low thickness 
(up to 180 nm) and with properties different from the films created by using 
conventional electrochemical approaches. The oxide layers deposited in this 
way often confer advanced protective, semiconductor and 
photoelectrochemical properties. In the frame of this thesis thin films on 
titanium and aluminium were prepared in several electrolytes, including 
solutions of acids and salts as well as in deionised water and hydrogen 
peroxide. It is shown that the films prepared by powerful pulsed discharge 
oxidation are characterized by more uniform surface structure and electrical 
properties in comparison to those obtained by conventional anodization. 
Another aim of the work is doping of the anodic films with different dopants by 
incorporation of species from the electrolyte during the film formation. Films 
prepared by powerful pulsed discharge oxidation technique on titanium 
demonstrate a significantly improved photocurrent response at short 
wavelengths and an essentially lower concentration of ionized donors as 
compared with the films obtained by conventional anodization. The discharge-
prepared films on both aluminium and titanium are composed by one compact 
layer. Studies of the discharge processes revealed that the main factor 
influencing the kinetics of the oxide film growth is the concentration of point 
defects which, in turn, is determined by the composition of electrolyte. Also, it 
was shown that the high voltage techniques allow to prepare anodic films not 
only in conventional solutions, but also in other media such as deionised water, 
distilled water and hydrogen peroxide, where anodisation by conventional 
(potentiostatic or galvanostatic) methods is impossible. Furthermore, the 
powerful pulsed discharge technique is shown as efficient method for 
encapsulation of metal nanorods preliminarily deposited into the vertically 
aligned titania and alumina nanopores. 
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1. Introduction 
 
Electrochemical anodizing of valve metals (aluminium, tantalum, niobium, zirconium, 
titanium, zinc etc.) is a very important process that is widely used for capacitor manufacturing, 
enhancing the corrosion protection and modification of the metal surface properties, such as 
wear-resistance, friction, hardness, and aesthetic properties.   Usually anodic films are prepared 
using dc polarization of a metal under potentiostatic, galvanostatic or combined (galvanostatic 
and then potentiostatic) control 1. Electrochemical oxidation (anodisation) of many metallic 
materials provides thick oxide layers demonstrating improved protective and functional 
properties 2.  
A great interest has recently arisen to a relatively new electrochemical technique called 
micro-arc oxidation (MAO) or plasma electrolytic oxidation (PEO)3. This technique operates at 
enhanced voltages when anodizing is accompanied by film breakdown, and is characterized by 
multiple arcs moving over the treated surface. Under these conditions, owing to plasma 
thermochemical interactions during the local surface discharges, the formation of not only 
oxides but more complicated composite inorganic coatings, exhibiting a set of excellent 
protective, mechanical and dielectric properties, is possible as well. However, this method does 
not allow preparing relatively thin anodic films (nanometers and tens of nanometers).  
Recently the application of the high-voltage pulsed discharge technique for creation of 
thin anodic films on titanium4 was suggested. Under the action of single powerful electric 
discharges in electrolyte, extremely high rates (40-150 μm/s) of the oxide film growth were 
reached on the titanium anode. The growth rate is the fastest ever reported. The results of 
elemental analysis showed that the oxide films prepared by the pulsed discharge method are 
characterized by high stoichiometry and more homogeneous distribution of basic elements (Ti 
and O) through the film thickness in comparison to the films grown by the conventional 
galvanostatic anodisation. Moreover, enhanced photoelectrochemical activity was revealed for 
the pulse discharge-prepared films motivating their further investigation4-5. 
The novelty of this method and the possibility to prepare thin uniform films, with unique 
properties are the main driving forces for deeper research of the powerful pulsed discharge high 
voltage oxidation technique. Preparation of the oxide films, studies of the anodisation kinetics 
and properties of the obtained films are the main aims of the current PhD work. Possibility of 
impurity-free anodic oxide films preparation on valve metals, particularly aluminium, by high-
voltage anodization (both discharge and galvanostatic) in deionized water was also 
demonstrated. The obtained films were studied by different methods, including electrochemical 
impedance spectroscopy (EIS), electron microscopy (SEM, TEM), photocurrent spectroscopy, 
scanning Kelvin probe force microscopy (SKPFM) among others. Taking into account the 
novelty of the technique, a big part of the work is aimed at revealing the mechanism of the 
oxidation during the discharge.  For comparison reasons, corresponding studies of films grown 
by conventional galvanostatic or potentiostatic oxidation in the same electrolytes are also 
discussed.  
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2. State of the art. 
 
2.1 Anodisation of titanium 
 
2.1.1 Native oxide film on titanium. 
 
 
Owing to the excellent mechanical properties and the high corrosion resistance, titanium 
and titanium alloys are widespread applied in aircraft, automotive and chemical industry, as well 
as in medical implants.  
Titanium is known as a highly reactive metal, which is readily oxidized in the different 
media. Oxidation kinetics are extremely fast, thus oxidation can take few nanoseconds6. Due to 
the high reactivity of titanium and the short time scales, titanium is almost always covered by an 
oxide layer. In practice, pure metallic titanium surfaces can only exist under certain artificial 
conditions, under ultra-high vacuum. In most cases the oxidized surface layer consists mainly of 
the most stable titanium oxide, titanium dioxide (TiO2). When the oxidation process takes place 
in an oxygen-free medium, other surface layers can be formed (e.g. nitrides, carbides etc.) 
However, even in this case the coating will convert into oxides after exposure to air or water in 
most of the cases. 
In contrast to titanium, TiO2 is a stable compound, which is resistant to chemical attack 
by most of the substances. In can be dissolved only by a few acids, such as HF. Due to 
presence of this oxide titanium has excellent chemical and corrosion resistance7. However, 
chemical stability of the titania doesn’t mean its chemical inertness. TiO2 surfaces can react with 
aqueous solutions, resulting in its changes, they can irreversibly adsorb and dissociate the 
organic molecules from air. It is also well known in the surface science community that TiO2 
surfaces act as catalysts for a certain number of chemical reactions8. 
The main part of the physical and chemical properties of any material surface strongly 
depends of the conditions under which it is formed. This is also true for titanium, because of its 
reactivity combined with the chemical activity of its oxides leads to a variety of possible surface 
reactions and products. The oxidation kinetics and the final surface oxide properties are 
influenced by surface pretreatment, temperature, and type and concentration of oxidizing 
species. In addition, certain impurities have a catalysing or an inhibiting effect on the oxidation. 
For further studies of the oxide film formation it is important to understand kinetics of native film 
formation. One of the most convenient and widely used method is based on use of polarization 
curves9. A schematic semilogarithmic polarization curve is shown in Figure 2.1.1. In current 
case only the anodic direction of polarization, i.e. towards positive potential is presented. During 
sweeping of the potential to the positive direction, from the open circuit potential (Uocp), the 
current will increase quickly to considerably high values. It should be mentioned that shape of 
the curve is often characterized by Tafel equation10. In these conditions oxide film forms, and 
current will reach a critical value (jcrit). In this case passivation of the metal will take place. This 
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oxide formation is manifested by a dramatic drop of current in the polarization curve at the 
passivation potential (Up). The anodic current density in this region is lower for several orders of 
magnitude and is called the passive current density (jp). Minor currents in this region relate to 
some conductivity of the thin film11. With a continuous sweep towards higher potential, current 
will start to rise. This region, where the current rapidly increases as the potential rise, is the 
trans-passive region. It can be associated essentially to the following processes: further 
oxidation or decomposition of the film, oxygen evolution or other electrolyte decomposition 
reactions1. 
 
   
Figure 2.1.1 Schematic anodic polarization curve for a metal electrode11. 
 
It should be mentioned that depending on the metal, the width of passivation region may 
vary significantly. For all valve metals, including Ti, this region is usually very wide can achieve 
values of dozens of volts. In the case of non-valve metals it is smaller and, for instance, for Fe it 
is less than 2V12.   
Once the passive film is formed, it cannot be described as a rigid layer, but instead the 
system is in dynamic equilibrium between film dissolution and growth. Chemical composition 
and the thickness of electrochemically formed passive films depend on a number of parameters, 
such as the electrolyte composition, temperature, time, positive potential, etc. For titanium and 
other valve metals, the passive film thickness increases linearly with the positive potential.  
 
 
 
2.1.2 Growth of anodic film on titanium 
 
The spontaneously formed passive films on titanium are thin and dense. However, they 
are not always suitable for the modern technologies. In many cases a thicker film is required to 
increase corrosion stability of different structures, decorative reasons, enhancement of 
photovoltaic properties, etc. Typical approaches to grow thick TiO2 layers usually include two 
different techniques1: an anodic oxidation of Ti, where an applied electric field controls the ion 
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(O2-, Ti4+) movement during the oxide growth, and a thermal oxidation of Ti, at which the oxygen 
ion diffusion controls the TiO2 layer thickness. There are some other methods of preparation of 
titania such as sol–gel 13, chemical vapour deposition (CVD) 14, physical vapour deposition 
(PVD). However, these methods are usually used for a special reason and they will not be 
discussed in the frame of current work. The stability and electrochemical properties of the TiO2 
layer depend on its preparation mode but also on the mode of preparation of the titanium 
substrate itself. In order to perfectly control the Ti/TiO2 interface, a sophisticated procedure of 
mechanical and electrochemical polishing has to be carried out15. Different properties of the 
grown oxides, such as structure, concentration of ionized donors, permittivity, conductivity, are 
important in different fields of industry and technology. 
Both conventional processes are time-dependent: in the case of galvanostatic 
anodisation, applied potential results in an electric field that is reciprocal of thickness and 
decreases following the logarithmic kinetic law, whereas in the case of thermal oxidation the 
oxygen diffusion rate is proportional to the square root of time16. One should also mention that 
Ti is a typical example of a valve metal (as well as Al, Ta, etc.). Valve metals represent a class 
of metals that can be anodized to grow considerably thicker oxide layers (several hundred nm), 
whereas on the other common metals (e.g. Fe, Ni), only a few nm thick oxide layers can be 
achieved. On the other hand, there are a number of approaches to decrease the thickness of 
the oxide layer, or to completely remove it. In addition to the mechanical and physico-chemical 
methods such as polishing, or sputtering, purely chemical approaches can also be used. Typical 
compounds that can chemically dissolve TiO2 are namely acidic HF and H2O2 solutions and 
high alkaline hydroxide solutions (via a formation of soluble complexes). Immersion of Ti / TiO2 
substrates in these agents may lead to complete TiO2 removal, but the Ti surface after such 
treatment will again immediately reoxidize and form a thin native TiO2 layer, as soon as it has 
access to the atmosphere, or moisture. 
 
Classification of anodic films 
 
Usually the anodic films which can be obtained on metals can be classified as noncontinuous, 
continuous and duplex17 . Noncontinuous films are the coatings which have various pores or 
defects in their structure. They grow under an positive potential near the equilibrium potential of 
the metal. Usually, they are crystalline and precipitated from the reaction of ionized metal and 
electrolyte. Sometimes the coatings can detach from the metal substrate. As a typical example 
of such film MnO2 deposited on a stainless-steel anode from manganese sulphate electrolyte 
can be mentioned. Very often these films are semiconductive 18-24In contrast to noncontinuous, 
continuous films may be either electronic conductors or insulators. In the first case, passive 
films on Ni, Cr, stainless steel, show usually semiconductive nature and cannot be prepared 
thick 25-26. On the second case, anodisation of the valve metals (Al, Ta, Nb, etc.) results in 
preparation of a continuous coating. In these metals, very thin films of about 5 nm covers the 
metal surface completely and usually consist of amorphous oxide. These films can be prepared 
with thickness of 1 µm, however this requires very high anode polarization, which can reach up 
several hundred volts 22, 27-30.  
Duplex film can be obtained when a continuous film is partially transformed into a 
noncontinuous film. A typical example is the thick anodic coating on aluminium. 
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 Kinetics of titanium anodisation 
 
Anodic oxidation is a widely used method for producing different types of protective oxide 
films on metals, especially on aluminium. The main technological use of titanium anodisation is 
connected with improving adhesive bonding, in particular in the aerospace industry. It can also 
be used for producing oxides with high thicknesses, coloration, and porous coatings. The 
physical and chemical properties of the anodic oxides on titanium can be varied in wide range 
by controlling the process parameters, such as anode potential, electrolyte composition, 
temperature and current. Different acids (H2SO4, H3PO4, acetic acid and others), as well as 
alkalis are commonly-used electrolytes for anodic oxidation of titanium. 
The main reactions leading to oxidation at the anode can be presented as: 
 
Ti = Ti2+ + 2e-   (2.1) 
 
Ti2+ + 2O2- = TiO2 + 2e-   (2.2) 
 
The titanium and oxygen ions formed in these redox reactions are driven through the 
oxide by the applied electric field, leading to growth of the oxide. The anodic titanium oxides 
have a high resistivity in comparison with the electrolyte and the metallic parts of the electrical 
circuit, thus the applied voltage drop will occur mainly through the oxide film on the anode. 
Kinetics of titania formation  can be described through mass transfer9, 31.  In such case one of 
the ionic species has to migrate through the oxide. During anodisation  Ti oxidation and 
migration of O2- ions towards the Ti/oxide interface and Ti4+ ions to the opposite direction takes 
place. Due to their recombination a continued growth of the film occurs. As long as the electric 
field is strong enough to drive the ions through the oxide, the current will flow and the oxide will 
continue to grow. According to this, the final oxide thickness, d, is almost linearly dependent on 
the applied voltage, U: 
 
d ≈αU,   (2.3) 
 
where α is a growth constant which is usually in range of 1.5-6 nmV-1. This linear relationship 
can be observed below the dielectric breakdown limit of oxide, which is around 100 V 
depending on electrolyte and other process conditions. Anodisation can be performed either at 
constant current (galvanostatic anodisation) or at constant potential (potentiostatic anodisation). 
If the anodisation is carried out at voltages above the breakdown limit, conventional anodisation 
will no longer take place and at such conditions the process will lead to increased gas evolution 
and frequently also sparking. This type of anodizing is usually called plasma electrolytic 
oxidation (PEO) or spark anodizing. It results in less uniform and more porous oxide films than 
conventional anodisation below the dielectric breakdown limit. 
Many anodic oxides, including TiO2, are semiconductors. The defects that exist in the 
structure may strongly influence the ionic and electronic transport32. Models for the oxide growth 
consider different processes to be rate determining31-32.  
The presented high-field models are relevant for the TiO2 growth, as well as for any other 
valve metal oxides. The first experiments regarding the ionic conductivity of oxide films on 
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aluminium have been performed in 1934 Günterschultze and Betz33,followed by Verwey in 
193534. In the first work it was realized that current density j was exponentially dependent on the 
field strength F according to:  
 
j = αexp(β.E),    (2.4) 
 
where j represents the current density, α and β are constants and E is the field strength across 
the oxide. They provided values α and β for a variety of valve metals based on the thickness 
obtained from capacitance measurements. The metal/oxide interface was firstly taken in 
account in works of Mott and Cabrera35-36. Later, Dewald37 took into account semiconductive 
nature of titania and made the extension to their theory by including the effects of the space 
charge layer. It was shown that in the presence of sufficiently high fields (> 106 V / m) at low or 
moderate temperatures pure diffusion of ionic species results in negligible contribution for the 
film growth. The field strength E across the oxide film can be estimated from the potential drop 
across the oxide (∆U) and the thickness of the oxide d by the following equation:  
 
E = ∆U/d   (2.5) 
 
Thus, the thickness of the barrier layer is in reverse proportion to the logarithm of current 
density (j) for a given anodisation potential U. When positive potential is applied to the working 
electrode, oxide film starts to grow and this results in exponential decrease of the current 
density, because the field strength across the oxide continuously decreases38. Thus film growth 
(at constant voltage) is self-limiting as F is lowered with increasing film thickness. This thickness 
of the obtained film can be described as: 
 
d-1 = A-B log(t),   (2.6) 
 
where A and B are constants and t is time. 
According to this equation an infinite oxide growth would take place, however, usually the 
limiting situation can be reached, when the formation rate of the oxide has dropped to the value 
of the chemical dissolution rate in the electrolyte.  
In reality, metallic substrate has a lot of defects (dislocations, scratches, etc.) and non-
homogenous current flow through these areas takes place. Schultze et al.39-40 studied influence 
of the field effects on the oxide film thickness and they has found that oxide thickness almost 
does not change, and fluctuations of films thickness usually are less than few percent. It shows 
that if current flows at one moment through a thinner oxide area, this area will get thicker and 
the current will likely find again another (easier) path to flow and thicken the oxide film there. As 
a result at the end of anodisation substrate is covered with an oxide layer of homogenous 
thickness.  
The most well-studied anodic oxide films on titanium are formed by galvanostatic 
anodisation below the breakdown potential 24, 27, 41-45. The oxide thickness can easily be varied 
since it is linearly dependent on anodizing voltage. Growth rates for films formed in H2SO4 are 
typically around 2 nm V-1 24, 27, 44, however values ranging from 1.5 to 6 nm V-1 have also been 
reported. 
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2.1.3 Structure and properties of anodic TiO2  
 
It is known that titanium dioxide can exist in three different crystalline forms, namely 
rutile, anatase, and brookite46.The most stable form is rutile. All three polymorphs can be easily 
synthesised in the laboratory, and the metastable anatase and brookite can slowly transform 
into the thermodynamically more stable rutile, especially during the calcination at temperatures 
higher than 600 °C47. The main difference in polymorphs is related to their structures, thus in 
rutile the octahedra share edges at (0 0 1) planes to give a tetragonal structure (Fig. 2.1.2a), 
while anatase is composed of corner sharing octahedra which form (0 0 1) planes (Fig. 2.1.2b) 
resulting in a tetragonal structure. In brookite both edges and corners are shared to give an 
orthorhombic structure (Fig. 2.1.2c) 48. In all forms, titanium (Ti4+) atoms are co-ordinated with 
six oxygen (O2−) atoms, forming octahedral [TiO6]. 
 
  
  
Figure 2.1.2. Different forms of titanium dioxide: rutile (a), anatase (b) and brookite (c) 
 
Titania obtained by conventional methods (like electrochemical anodisation, thermal 
oxidation, etc.) is typically an n-type semiconductor due to the deficiency of oxygen atoms 49. 
The band gap varies for the different forms of oxide and has a values of 3.2 eV for anatase, 3.0 
eV for rutile, and ∼ 3.2 eV for brookite 50. The most widely investigated polymorphs of the titania 
are anatase and rutile due to their high photo-activity, low cost, low toxicity and good chemical 
and thermal stability 50-51.  
The influence of crystallographic orientation of substrates has been approached by single 
crystals for a long time. Such experiments, however, do not represent the reality of 
polycrystalline metals, since the concentration of impurities differ, the surfaces are atomically 
flat and the role of typical defects such as screw dislocations (1D), grain boundaries (2D), and 
twins and inclusions (3D) cannot be simulated. On the other hand, the real metal surfaces could 
not be analysed in a microscopic scale for a long time. But progress in electrochemical 
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microsystem technologies as well as in surface analysis now allows direct measurements on 
single grains down to grain sizes of some micrometres 52. Crystallographic orientation of large 
grains can be determined by anisotropy-micro-ellipsometry (AME) for metals with an anisotropic 
lattice system, like titanium for example, which has a hexagonal crystal structure 52. Also it was 
shown that the density of surface atoms does not only determine the oxide film formation, but in 
addition to that it has a very strong influence on the rate of electron transfer reactions as well 53. 
The effects, however, differ. In case of Ti, a low reactivity of ion transfer reactions activity is 
combined with a high doping of the oxide film causing a high reactivity for electron transfer 
reactions. On the loosely packed oxide films, the electron transfer reactions activity is almost 
negligible at lower overpotentials. Oxide films on different grains show a homogeneous film 
thickness up to the grain boundaries. This is indicated by constant interference colours. The 
electron transfer reactions activity, however, depends on the distance from the grain boundary. 
According to XPS analysis the composition of the anodic films on titanium  consists 
mainly of TiO2 24. However, it is also reported44 a more complex composition, for example, the 
presence of an oxygen-enriched surface layer. Anions from the electrolyte can be frequently 
observed at the surface, and in the bulk of the oxide films24, 27, 43. RBS and other nuclear 
interaction-based techniques also show that near-surface regions of the oxide can also contain 
significant amounts of hydrogen24, 44.  
Anodic oxide films on titanium and titanium alloys usually have a complex surface 
morphology and microstructure. It depends of the oxide thickness, and usually the roughness 
increases with increasing of the coating thickness. Various types of defects (pits and sometimes 
pores) are frequently observed 27, 41. The microstructure of films formed on polished surfaces 
replicates the substrate microstructure24, 27. According to the diffraction studies obtained films 
can be either amorphous or partly crystalline. Anatase and/or rutile are the most frequently 
reported phases, however brookite has been also reported. 
 
 
2.1.4 Breakdown of oxide and PEO anodisation. 
 
Under certain conditions, oxide layer of metal tends to have localized instabilities of 
electronic nature (leading e.g. to dielectric breakdown) or due to the chemical reactivity (leading 
to e.g. enhanced localized oxide dissolution). The reasons for these local instabilities are 
precipitates, inclusions, grain boundaries, dislocations on substrate or properties of passive 
films itself, such as electrostriction, local composition and structural differences. Under specific 
conditions, namely in the case of high field strength local destruction of the passive film or 
breakdown, occurs.22, 27, 31, 54-57. The dielectric breakdown of an oxide layer takes place at 
comparably high voltages, when extra charge carriers are generated either by tunneling of 
electrons (Zener mechanism), or by collision of electrons (avalanche mechanism)22, 27, 55. 
Resistivity of the film plays a main role for the appearance of breakdown and it is influenced by 
the band gap size, structure and impurities. During the breakdown, the resistivity of the layer 
drops by several orders of magnitude. Ikonopisov proposed that for TiO2 the avalanche 
mechanism involving electron injection from the electrolyte into the conduction band is most 
likely responsible for dielectric breakdown56. In further works, he reported that composition and 
concentration of the electrolyte also play an important role, whereas the current density, 
temperature and roughness of the surface are less significant. Breakdown is usually 
accompanied by sparking, or acoustic crackling noise. Anodisation using potentials above the 
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breakdown voltage of the oxide film growing on the anode surface, is widely used and usually 
called plasma electrolytic oxidation (PEO) 30, 58 
Preparation of oxide films on a wide range of valve metals (Nb, Ta, Zr, Hf, Al, Ti, W, Mo) 
by PEO technique has been investigated for years by many researchers31, 54, 56, 59-60. In the case 
of Ti, it has been mainly investigated in sulfuric acid electrolytes31, 55, 60. However, for all valve 
metals it has been shown that breakdown is dependent on the growth mode (galvanostatic, 
potentiostatic) and on the rapidity of voltage rise52, 54. In comparison with conventional 
(galvanostatic, potentiostatic) anodisation, PEO is accompanied by oxygen evolution and in 
some cases also by crystallization54. There has been a lot of discussion in literature on the 
exact reasons for the breakdown phenomena. Generally, it can be stated that it is connected 
with film damage, oxygen evolution and change in the electrical characteristics. Furthermore, it 
is still a subject of debate, whether the quality of the metal substrate will play any role in the 
PEO. Breakdown of the passive film will happen at high voltages on both rough surface, as well 
as on a perfectly polished surface. With further anodisation at high voltages, the breakdown 
spots may appear all over the surface. It leads to a surface covered with a well adherent, hard, 
ceramic-like coatings30, 58 with thickness that varies depending on the breakdown potential from 
hundreds of nanometers up to few micrometers. Although in electrochemistry the dielectric 
breakdown of valve metal oxides is the most investigated case, there is the second reason for 
the local destruction of passivity – presence of aggressive ions that may penetrate into the 
oxide film. These ions most typically chloride anions, whereas effects of fluorides are less 
studied.  
 
 
 
 
 
2.1.5 Photoelectrochemical properties of TiO2 
 
 
In the past few decades, the works concerning the photoactivity of titanium dioxide were 
under intensive investigation. One of the first important works in this field was done in 1972 by 
Fujishima and Honda, who investigated the photoelectrochemical decomposition of water using 
titania anode and a Pt counter electrode61. Afterwards, in 1977 Frank and Bard have reported a 
work concerning titanium dioxide photocatalysis where the reduction of CN− in water was 
observed62. As a result of this work the potential for water and air purification through utilization 
of “free” solar energy attracted attention for the titania and a dramatic increase in the research 
in this area has started50. Another milestone in the research of the titanium oxide was reached 
by Graetzel and O’Regan in 199163 who used nanosized titanium dioxide in an efficient dye 
sensitized solar cell. Later, in 1997, another wave of interest for titanium dioxide appeared due 
to the work of Wang et al. (1997), who reported TiO2 surfaces with excellent anti-fogging and 
self-cleaning abilities 64. 
The photocatalytic transformation of different substances (e.g.  pollutants) is possible 
when a material, usually a semiconductor, interacts with the light of certain energy and 
produces the reactive oxidizing species. During the photocatalytic reaction, at least two events 
must occur simultaneously: the first is connected with oxidation of adsorbed H2O by 
photogenerated holes in the valence band, and the second reaction with the reduction of an 
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electron acceptor (usually dissolved oxygen) by electrons from the conduction band. These two 
reactions lead to the production of a hydroxyl and a superoxide radical anion, respectively 65. 
Photocatalysis implies photon-assisted generation of catalytically active species rather 
than the action of light as a catalyst in a reaction66. Usually photocatalysis is described by two 
mechanisms: catalysed photoreaction and sensitized photoreaction. According to the first 
mechanism, an initial photoexcitation process occurs in an adsorbate molecule, which then 
interacts with the ground state of the catalyst substrate. The reaction goes under the second 
mechanism if the initial photoexcitation takes place in the catalyst substrate and the 
photoexcited catalyst then interacts with the ground state of an adsorbed molecule65. 
For the process of electron transfer from the valence band to the conduction band energy 
of light should be greater than the band gap of the semiconductor. In the case of anatase, the 
band gap is 3.2 eV, thus UV light (λ ≤ 387 nm) is required. The equation according to which 
absorption of the photon excites an electron to the conduction band (eCB-) generating a positive 
hole in the valence band (hVB+) is the following: 
 
TiO2 + hν → hVB+ + eCB−    (2.7) 
 
Charge carriers can be trapped as Ti3+ and O− defect sites in the TiO2 lattice, or they can 
recombine, dissipating energy. Though they can migrate to the titania/electrolyte interface and 
initiate redox reactions with adsorbed substancies67. Positive holes can react with OH− or water 
producing *OH radicals which are known as extremely powerful oxidants. Also the hydroxyl 
radicals can oxidize organic species producing mineral salts, CO2 and H2O and in this case 
photocatalysis can be used for pollution removal68. Furthermore electrons in the conduction 
band can react with the molecular oxygen adsorbed on the titania particle, resulting superoxide 
radical anion (*O2−) that may further react with H+ to generate hydroperoxyl radical (*OOH) and 
further electrochemical reduction yields H2O269. These reactive oxygen species may also be 
involved to the oxidative pathways such as the degradation of a pollutant70. 
Recombination of the photogenerated charge carriers is the major limitation of the 
semiconductors in photoelectrochemistry as it reduces the overall quantum efficiency71. When 
recombination occurs, the excited electron reverts to the valence band without reacting with the 
adsorbed species. This process can occur non-radiatively or radiatively, i.e. dissipating the 
energy as light or heat 72. The recombination may occur either on the surface or in the bulk of 
the semiconductor. It is connected with the nature of the material as well as with impurities, 
defects, and every factor which introduces bulk or surface imperfections into the crystal71. It is 
shown that trapping of excited electrons by holes in the valence band (Ti3+ species) can occur in 
a time scale of ∼ 30 ps and that about 90% or more of the photogenerated electrons recombine 
within 10 ns.  The doping with ions, the heterojunction coupling or the preparation of the 
semiconductor as nanosized crystals promote the separation of the electron–hole pair, reducing 
the recombination and improving the photoelectrochemical activity. For example, in the titania 
crystallites which contain a combination of anatase (∼ 80%) and rutile (∼ 20%) the conduction 
band level of rutile is more positive than that of anatase, and, thus, the rutile phase may act as 
an electron sink for the photogenerated electrons from the conduction band of the anatase 
phase. Many researchers attribute the high photoelectrochemical activity of this material to the 
intimate contact between two phases, enhancing the separation of the photogenerated 
electrons and holes, and resulting in reduced recombination. 
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2.2 Anodisation of aluminium 
 
2.2.1 General information about aluminium anodisation, its history and use 
 
 
During the last century, aluminium became one of the most important materials. In the 
end of 19th century, it was clear that it is lighter and has a better corrosion resistance in 
comparison with steel, however its lower mechanical strength was limiting the use of aluminium. 
There was a big number of attempts to overcome these difficulties which resulted in the 
appearance of a great number of aluminium alloys. Thus, alloys with copper have higher 
mechanical strength, addition of Si improves their castability, doping with Mg and Zn enhances 
the weldability. Electrochemical modification of the aluminium (especially anodisation) can result 
in obtaining a variety of desirable surface properties, such as abrasion and corrosion resistance, 
increase in surface hardness, and dye-absorption properties. Thin films of aluminium oxide 
have found important applications in the electronic industry and corrosion protection due to their 
relatively high dielectric constant, ultra-low conductivity as well as high corrosion resistance and 
good thermal and mechanical stability 73. The above properties also make aluminium oxide films 
promising for novel applications in microelectronics. Nowadays, thin alumina layers are used as 
dielectrics in integrated capacitors with ultrahigh capacitance density 74. Films of Al2O3 are also 
considered as replacements for SiO2 in semiconductor devices 75-76.  
The history of aluminium anodisation is closely allied with electrochemical studies of its 
properties. In 1857, H. Buff77 tried to find an improved primary cell. During his research it was 
found that when Al is coupled with Pt in dilute sulphuric acid, Al becomes anode and a large 
current flows, significantly higher in comparison with classical Volta cell. However, the current in 
immediately reduced to very small values, soon after the beginning of the process. A similar 
phenomenon was found in 1864 by Wheatstone78, who published his observations in the 
Philosophical Magazine. He suggested that this effect is connected with a Si layer formed on 
the Al surface, because Al at that time contained some amounts of silicon. In later works, 
Wohler and Buff79 found that the current is not reduced for aluminium in chloride solutions. 
Ducretet80 suggested that current drop occurs due to the formation of Al2O3. Also, he has found 
that if this anode becomes the cathode, a large amount of current would immediately flow. He 
suggested that this behaviour could be used in electric circuits. In further works, in 1899, 
Norden81 suggested that an Al-anode/film/electrolyte system could be described as an 
electrolytic capacitor. In addition, he succeeded to separate anodic oxide films from the 
aluminium substrate by polarizing Al sequentially anodicaly and cathodicaly in dilute sulphuric 
acid. He confirmed that the anodic oxide film could not be reduced during cathodic polarization 
by measuring the hydrogen gas evolution. In the next year, 1900, the first industrial capacitors 
based on Norden’s ideas was constructed in Siemens and Halske AG.  
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2.2.2 Kinetics of aluminium anodisation 
 
During electrochemical reaction, aluminium from the anode reacts with the oxygen from 
the electrolyte and form Al2O3. Under polarization, when the aluminium is set as the anode in 
electrolytes of certain concentration and when direct current is passing through cell, aluminium 
metal starts to convert into oxide through the following electrochemical reaction： 
Anode: 
Al → Al3+ + 3e-  (2.8) 
2Al3+ + 3O2- → Al2O3  q = - 1675.7 kJ.mol-1  (2.9) 
2Al + 6OH- → Al2O3 + 3H2O + 6 e- (2.10) 
Cathode: 
2H2O + 2e-→ H2 + 2OH- (2.11) 
2H+ + 2e- → H2 (2)  (2.12) 
Thus, when electrical field is applied, Al3+ ions start to go from aluminium and start to 
move towards the anodic oxide layers through the metal anode/oxide interface, and then 
continue to move outwards. Meanwhile, the O2- formed on the electrolyte/oxide interface is 
moving inwards with the opposite direction, until both of them meet each other, forming anodic 
oxide (Al2O3) ("high-field" ionic conduction). As a result, a compact and adherent film deposits 
on the electrode surface. In this case oxidation proceeds strictly according to Faraday's law, 
thus a definite amount of oxide is produced by a certain quantity of charge. With passing the 
charge of 3 Faraday, 1 mole of aluminium oxidizes and produces 51 g of alumina. 
Also, it should be mentioned that this reaction is exothermic. However, alumina is an 
electric insulator without free electrons in the conduction band, thus, according to the above 
reaction should stop after a monomolecular film is formed. In case the film is very thin (within 
2nm) quantum tunnelling of electrons is also possible however this current is very small in 
comparison with the ionic. For constant current anodizing, the voltage-time behaviour reveals 
an initial voltage surge of about 2.0 V, indicating the presence of an air formed film on the 
electropolished aluminium surface with thickness of 2.5 nm. Further, the voltage rises linearly 
with time as the relatively compact film thickens. The driving force for film growth is high-field 
ionic conduction, which may be simply expressed as 
j = A exp(BE)   (2.13) 
where j is the current density, A and B are temperature dependent constants, and E is the field 
strength (the ratio of the potential drop across the anodic oxide film to the film thickness). 
Clearly, films grown at constant current density develop at constant field strength. In the work of 
Walkenhorst82 it was found that the growth rate under the high-field ionic conduction equals 1,4 
nm/V what corresponds to a high electric field of about 107 V/cm. Further, the reciprocal of the 
field strength for anodizing of aluminium reveals that the film thickens at a constant rate. In 
order to maintain the constant field strength, the voltage must increase as the film thickens.  
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The anodic film which thickness linearly depends on the applied voltage is called the 
"barrier layer". This layer is insulator with dielectric constant in the range 8-9. In comparison with 
other dielectric materials this value is not very high, however the film thickness can be easily 
controlled in a wide range to obtain the required capacity. This is the reason why electrolytic 
capacitors are so important and widely used83. 
When the film becomes too resistive to pass anodic current its growth terminates. 
Uniform film thickening is terminated eventually by dielectric breakdown, with visible sparking 
observed frequently over the anodic film surface. Therefore, for the film growth, it is important to 
increase the positive potential. Furthermore, composition of the electrolyte plays an important 
role in the film growth. If there is no effect of dissolution of the depositing film (as in ammonium 
borate solution), the voltage can be theoretically raised up to 700 V, resulting in a film with the 
thickness about 1µm (1.4nm * 700V). At a certain limit, which depends upon the nature, 
concentration, and temperature of the electrolyte, the random arcing could occur on the film 
surface resulting in film breakdown. In such case the electronic current will predominate but will 
not make any influence in the film growth. 
Using inert marker experiments, locations of the film growth are defined84. A transmission 
electron image of the cross-section shows the typical barrier type film have relatively flat 
metal/oxide and oxide/electrolyte interfaces and shows behaviour of mainly amorphous anodic 
oxide films, as it is shown in Figure 2.2.1. During the studies of barrier films formation with inert 
marker experiments, a critical current density may be defined for many electrolytes at which 
point directly measured cation transport number approaches to zero. In such cases no solid 
oxide growth can be observed above the marker layer, which stays close to the oxide/electrolyte 
interface. Further analysis of the electrolyte after anodizing reveals the presence of Al3+ ions 
which shows that cation transport number is equivalent to that measured under conditions of 
high current efficiency when converted to equivalent anodic oxide film thickness. Thus, during 
oxide growth both ions (Al3+ and O2-/OH-) are mobile. Further formation of the film at the 
film/electrolyte interface depends on specific anodizing conditions. At the critical current density, 
little or no oxide film formation is possible at that interface. 
To understand deeply the behaviour of outwardly mobile Al3+ ions, anodizing was 
performed at current densities below critical current density, where no solid oxide formation at 
the oxide/electrolyte interface is possible85 (Figure 2.2.2 (a)). In this case uniform oxide 
dissolution proceeds during the anodizing at relatively low current efficiency, thus, the original 
oxide film material containing the marker layer is expected to be completely lost to the 
electrolyte (Figure 2.2.2 (b)). It should be noted that presence of the marker layer is always 
close to the oxide/electrolyte interface, although it is lost in local regions owing to undermining 
of film material by pore initiation by field-assisted dissolution at preferred sites (Figure 2.2.2 (c)) 
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Figure 2.2.1 TEM micrograph of cross session of Al substrate and anodic film, formed at a 
constant current density of 10A m-2 to 100 V in near-neutral potassium phosphate electrolyte at 
298K. This reveals the xenon implant, originally retained within a relatively thin pre-formed 
anodic film86. 
 
When aluminium is anodized in a near neutral solution, the dissolution of oxide is usually 
very slow. In such case the thickness of the oxide layer will continuously increase. The electric 
field in such system can be written as E = U/d. In the case of constant applied voltage, U, to the 
oxide layer, the electric field strength E in the oxide layer is inversely proportional to the 
thickness of the oxide layer, d. Therefore, E will drop when the thickness of the oxide layer 
increases, reducing the migration rate of the anions. The oxidation process will eventually stop 
when d approaches a critical value (dc),   which depends of the anodizing conditions, while the 
corresponding electric field strength (Ec) becomes too weak to drive the oxygen containing 
anions through the oxide barrier layer. When the thickness of the oxide layer is smaller than dc, 
and the field strength E > Ec, the migration of ions takes place and the oxide layer grows. In this 
case constant electric field strength will be established in the whole barrier layer. 
The system becomes more complicated in the case when electrolyte can dissolve the 
deposited film. In this case, the restoration of the barrier layer occurs resulting in a thickness 
limit. During the anodisation simultaneous formation and dissolution of the oxide occurs 
resulting in the development of an oxide cells array with cylindrical pores. When the balance is 
established the film formation results in the increase of the thickness of the porous layer. In this 
type of coating (duplex film) the outer region is porous since it contains a big amount of 
hexagonal pores which can be observed with the electron microscope. In this type of anodic 
oxide film, the porous layer can grow at constant voltage, and its parameters depend from the 
relationship between formation and dissolution in pores.  
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Figure 2.2.2 Schematic illustration of cross sessions of barrier type films formed at 
various current densities in chromate electrolyte: (a) films formed at critical current density; (b) 
film formed at a current density below critical density, when dissolution of the outer film regions 
is expected to remove the marker layer;(c) films formed at current density below current density, 
revealing location of the marker layer and pore initiation at preferred sites85 
 
In general, several types of processes can be considered during the anodic polarization 
of aluminium. During anodisation at constant voltage (potentiostatic) the current rapidly drops to 
nearly zero value and only a small current flows which is called "leakage current" (electronic 
current through impurities, etc.). In the case of anodisation with constant current (galvanostatic), 
the positive potential rises linearly with the time resulting a barrier film. This can occur in 
electrolytes where the film is not dissolved. In the case of use of electrolyte, that can dissolve 
the film (sulphuric and oxalic acid), during anodisation in galvanostatic mode the voltage 
becomes constant. In this case, deposit film consists from the barrier plus the porous layer. If 
concentrated strong acids or in alkaline solutions with a strong solvent action-sulphuric and 
phosphoric acids, sodium phosphate solutions87, and sodium or potassium hydroxide solutions 
are used during galvanostatic anodisation the voltage can fluctuate. The anodic surface in this 
case is brightly polished (electropolishing).  
During the anodisation the heat of reaction can accumulate when the film becomes 
thicker, resulting in increase of the dissolution. Thus, the film cannot grow infinitely and there is 
a maximum thickness which can be obtained.  
 
2.2.3 Plasma electrolytic anodisation on aluminium 
 
Similarly, to titanium, plasma electrolytic oxidation (PEO) is a method which allows to 
prepare relatively thick, dense, ceramic-like coatings.  During PEO process complex physical, 
chemical, electrochemical and plasma thermo-chemical reactions occurs.  
There are a few studies that suggest coating formation mechanisms. Based on the 
voltage-time response the PEO anodisation can be divided into several stages where different 
processes occur. At the beginning of the PEO process the voltage increase linearly and rapidly 
and a very thin insulating oxide film is formed on the surface of metal. In this stage, the 
mechanism of conventional anodisation occurs which is described above. Eventually, when 
voltage reaches a critical value, the breakdown voltage, dielectric breakdown occurs. Usually it 
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appears in weak sites across the oxide film accompanied by the formation of a large number of 
fine, uniform, micro-discharges on the surface of the sample. Sparks are typical of the PEO 
process and play a main role in the formation of the coating. When the breakdown voltage is 
reached, many discharge channels are created as a result of micro-regional instability in the 
coating. The discharge temperature is estimated to be in the range of 4000-10000 K 88-89. The 
low temperature range corresponds to small discharges happening in the early stages, i.e. 
immediately after the breakdown voltage is reached. The high temperature range corresponds 
to strong, long-lasting discharges happening in the final stages of the process. The local plasma 
temperature is high enough to ionize all the species that exist close to the discharge channels, 
and the induced electron collapse makes the coating materials move into these channels. 
Anionic species present in the electrolyte, can enter the channels. The high temperature and 
pressure inside the discharge channels melt the substrate elements which diffuse into the 
channels. In next stage, after breakdown occurred, the voltage slowly increases while oxide film 
growth rate decreases. This molten material is ejected from the coating/substrate interface and 
solidifies when cooled by the surrounding electrolyte, whose temperature is controlled using an 
external heat exchanger. This solidified oxide increases the coating thickness in areas close to 
the discharge channels. In following stage, the rate of voltage change increases slightly, micro-
discharges become more intensive and start to last longer while their spatial density decreases. 
The gases produced escape through the discharge channels resulting in the formation of 
circular areas with a hole in the centre, resembling the structure of a crater in a volcano. These 
volcano-like morphologies are often referred to as either a ‘pancake structure’ 90-92, or a 
‘crater’93-96 . In next step, the rate of voltage increase starts to decrease, and the sparks become 
stronger. In PEO process discharges play an important role in the coating growth mechanism. 
Since discharge events are very short, it is very difficult to catch them instantaneously to 
analyse the physical and chemical processes which occur in the discharge channels97. During 
PEO, melting, solidification, sintering and densification of oxide layer occur usually in relatively 
weak regions of the coating surface leading to a uniform increase in overall coating thickness89, 
97-100. Due to the high cooling rate caused by the cold substrate, the molten oxide at the 
coating/substrate interface rapidly solidifies, creating a thin crystalline layer with small uniform 
nano-sized grains. TEM studies confirm presence of this layer in PEO coatings on aluminium101-
102. The nano-crystalline layer is formed during PEO and moves inwards and is considered as 
the main inner growth mechanism 97, 100. During the PEO process different types of discharge 
are considered to occur. There are a number of models proposed to describe micro-discharge 
formation during PEO such as glow discharge electrolysis103, electronic avalanche 104, 
electronic tunneling105 and the model by Yerokhin et al.99 which assumes the possibility of free 
electron generation and glow discharge ignition in the gaseous media at the oxide-electrolyte 
interface. 
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3 Experimental part 
 
This chapter describes the experimental procedures related to the fabrication and 
characterization of aluminium and titanium oxides which was performed in the frame of present 
work, including materials selection, specimen preparations, anodizing and electrodeposition 
procedures, as well as characterization methods. 
 
 
3.1 Construction of an experimental setup for performing the pulsed 
anodizing and studying the kinetics of the process. 
 
 
High-voltage experimental setup for performing the pulsed anodizing and for studying the 
kinetics of the process was mounted according to the scheme shown in Figure 3.1.1. 
 
 
Figure 3.1.1 Principal scheme of high-voltage experimental setup. 
 
The main parts of experimental setup are high-voltage power supply, a capacitor bank 
with a stepped variation of capacity, a commutation system, voltmeter, oscilloscope and 
discharge cell. The capacitor bank charged by the high-voltage power supply to definite voltage. 
High Voltage Source Measuring Unit Keithley 237 as a voltmeter controls voltage. Then the 
charge accumulated by the capacitor bank was injected into the electrochemical cell by means 
of a low-inertial switch triggered by a synchronizing pulse. This setup allows applying a high 
voltage up to 3000 V to the metal electrode at a fixed value of the injected charge up to 1 C per 
impulse. To reduce ohmic losses in the system, the electrochemical cell is connected to the 
capacitor bank by low-impedance cables of minimal length. To reduce inductance flat cables 
were used, to reduce influence of skin-effect. The registration system permits recording several 
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parameters of the anodizing process such as the applied voltage and the evolution of the pulse 
current in the circuit.  To measure the transient current in the electrode system, a precision 
resistor is connected to the circuit. A multi-channel digital phosphor oscilloscope Tektronix DPO 
7054 records the current flow through the resistor. Changing capacitor banks can vary 
capacitance and highest voltage. 
All parts of the setup are installed in a rack, so the system is mobile and multifunctional 
(Figure 3.1.2). Galvanostatic anodisation can also be carried out on this installation. In this case 
the High Voltage Source Measuring Unit Keithley 237 is used as a current source. 
 
 
Figure 3.1.2 Photo of the high-voltage experimental setup. 
 
The electrochemical cell is constructed from thick (2.5 mm) polyethylene terephthalate 
because of its hardness and chemical stability. The shape and construction of the cell was 
designed to reduce possibility of destruction of the cell (Figure 3.1.3a).  
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Figure 3.1.3. Photo of the cell (a) and titanium cathode (b) 
 
The counter electrode (cathode) is made of chemically polished titanium (Figure 3.1.3b). 
Titanium is used as a hard, chemically stable material, which wouldn’t influence the composition 
of electrolyte during the experiment. The shape of counter electrode is cylindrical, to make 
electrical field inside the cell as uniform as possible. The counter electrode has a slit, for further 
optical measurements of the pulse electrodeposition process. 
Electric discharges between the electrodes were generated using a low-inductance 100 
μF capacitor bank, charged to a defined voltage. In order to prepare films with different 
thicknesses, the capacitor was discharged through the electrochemical cell in the range 
between 1 and 30 times.  
 
 
 
 
 
3.2 Material selection and preparation 
 
In this work, 99.999% (Alfa Aesar and Goodfellow) high purity aluminium foils with 
dimensions of 100x80x1 mm were used for the formation of alumina anodic films. For the 
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formation of titania, Ti 99.999% plates (Goodfellow) with dimensions of 100x80x1 mm were 
used. 
In order to remove lubricant and other contaminants from the surface, the specimens 
were initially ultrasonically cleaned in acetone bath, and then rinsed with deionised water before 
dried in dry air. 
Electropolishing of aluminium was always performed as an important surface treatment 
prior to anodizing. Electropolishing is able to selectively decrease macroscopic heterogeneities, 
thus develop relatively smooth surfaces. Smooth surface is necessary for the formation of 
porous anodic films on pure aluminium substrate. Further, electropolishing give rise to fine 
nano-textures on the treated aluminium surfaces, which also facilitate pore nucleation at the 
initiation stage of anodizing. A mixture of perchloric acid and ethanol in the proportion of 1:4 
(vol) was used for electropolishing. Electropolishing was carried out at 20 V for 180 s at 5 °C 
using an aluminium sheet as counter electrode, in a fume cupboard with highly carefulness 
since perchloric acid is a strong oxidative and corrosive acid. Immediately after electropolishing, 
the specimens were rinsed in ethanol for 30 s first, then in deionised water for 30 s, and finally 
dried in dry air. 
Titanium plates were polished mechanically and then chemically in HF:HNO3 mixture to 
mirror finish and finally rinsed with deionised water. 
 
Heat treatment of aluminium specimens, here specified as annealing treatment was 
carried out before electropolishing. Degreased aluminium specimens were annealed at 400◦C 
for one hour. Grain size became significantly larger after heat treatment, since recrystallization 
and grain coarsening occur during annealing treatment 106. The large grains favour self-ordering 
process during the formation of porous anodic oxide films. 
 
 
 
 
3.3 Techniques: brief description and specific equipment used 
 
3.3.1 Transmission electron microscopy 
 
Transmission electron microscopy (TEM) is a microscopy technique in which a beam of 
electrons is transmitted through a specimen to form an image. In this case the much smaller 
wavelength makes possible to achieve resolution significantly better than that with a light 
microscope. High energy electrons, which pass through ultra-thin samples, allow image 
resolutions to reach values of 0.05 nm or less. 
In TEM electron source generates electrons that travel through the vacuum in the column 
of the microscope. Instead of glass lenses that focus the light in the conventional light 
microscope, TEM uses electromagnetic lenses to focus electrons into a very fine beam which 
passes through the specimen, screen, sensor or microphotographic film. Depending of the 
density and properties of the material, some of the electrons can be scattered or absorbed. At 
the bottom of the microscopes the unscattered electrons hit a fluorescent screen, sensor or 
microphotographic film, where it forms a "shadow image" of the specimen with its different parts 
displayed in varied brightness based on their density. The image can be studied directly by the 
operator or recorded. Variations in the intensity of electron diffraction across a crystalline 
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specimen, called “diffraction contrast,” is useful for making images of defects such as 
dislocations, interfaces, and second phase particles. 
Although this technique is much more time consuming than many other common 
analytical tools, the amount of information available from TEM is impressive. It is possible to 
obtain not only outstanding image resolution, it is also possible to characterize crystallographic 
phase, crystallographic orientation (both by diffraction mode experiments), produce elemental 
maps (using EDS), and images that highlight elemental contrast (dark field mode). All of this 
information can be obtained in nm sized areas that can be precisely located. Compared to SEM, 
TEM has better spatial resolution, is capable of additional analytical measurements. 
In current work TEM study was carried out using a Hitachi H9000 transmission electron 
microscope at an acceleration voltage of 300 kV. 
 
 
 
3.3.2 Scanning electron microscopy 
 
In Scanning electron microscopy (SEM), a focused electron beam is scanned across a 
sample surface and provides images of the sample surface. In comparison with conventional 
light microscopy images have significantly higher resolution (0.5 nm and more) and increased 
depth-of-field. Similarly, to the TEM electron beam follows a vertical path through the column of 
the microscope where it passes through electromagnetic lenses which focus and direct the 
beam down towards the sample. Once it hits the sample, other electrons (backscattered or 
secondary) are ejected from the sample. Detectors collect the secondary or backscattered 
electrons, and convert them to a signal and forms an image on the computer. Microscopes used 
in current work use several detectors which are installed perpendicularly and laterally to the 
sample and help to form pseudo 3D image.  Scanning electron microscope produces images of 
the sample surface morphology. All specimens are required to be conductive for SEM 
examination, thus the anodic oxide specimens were always carbon coated before SEM 
examination. Scanning electron microscopy is extensively used in this work to obtain 
morphology details of anodic oxides. 
In the frame of current work SEM studies were performed on a Hitachi S-4100 and a 
Hitachi SU-70 scanning electron microscopes. 
 
3.3.3 Energy dispersive X-ray spectroscopy 
 
Energy dispersive X-ray spectroscopy (EDS or EDX) is a technique that provides 
elemental analysis on areas as small as nanometers in diameter during scanning electron 
microscopy and transmission electron microscopy. The impact of electron beam on the sample 
produces X-rays that are characteristic of the elements in specimens. 
During the qualitative analysis, the X-ray energy values from the EDS spectrum are 
compared with known characteristic X-ray energy values allowing to determine the presence of 
an element in the sample. Elements with atomic numbers ranging from that of beryllium to 
uranium can be detected. The minimum detection limits may vary from approximately 0.1% to a 
few atomic percentages, depending on element, sample matrix, acceleration voltage and 
current of the electrons. 
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Quantitative results can be obtained from the relative X-ray counts at characteristic 
energy levels for the sample. Semi-quantitative results are easily available without standards by 
using mathematical corrections based on the analysis parameters and sample composition. 
However, the accuracy of such analysis depends on the sample composition and structure. In 
practice, relatively good accuracy can be obtained using samples with similar structure and 
composition to known standards. Currently elemental mapping where characteristic X-ray 
intensity is measured relative to position on the sample is also available. During line profile 
analysis, the SEM electron beam is scanned along a pre-selected line across the sample while 
X-rays are detected for discrete positions along the line. Variations in the X-ray intensity at any 
characteristic energy value indicate relative concentration for the element across the surface. 
One or more maps can be recorded simultaneously using image brightness intensity as a 
function of the local relative concentration of the element(s) present. Elemental concentration 
for each element on every position along the line is also available and widely used. For thin 
samples on TEM elemental resolution of 1 nm is possible. 
In the frame of current work, a Hitachi SU-70 scanning electron microscope coupled with 
an Brucker energy dispersive spectrometer (EDS) was used. 
 
3.3.4 Atomic force microscopy 
 
Atomic force microscopy (AFM) is one of the forms of scanning probe microscopy (SPM) 
where a small probe is scanned across the sample to obtain information about the material 
surface. The information gathered from the probe interaction with surface can be interpreted as 
physical topography. Depending of the probe composition and scanning technique information 
about materials physical, electrical, magnetic, or chemical properties can be also obtained. 
These data are collected as the probe is scanned in a raster pattern across the sample to form 
a map of the measured property relative to the X-Y position.  
Unlike SEM which provides two-dimensional image of a sample, AFM provides a true 
three-dimensional surface profile. Additionally, samples examined by AFM do not require any 
special treatments (such as metal/carbon coatings for insulator samples) which would 
irreversibly change or damage the sample. While an electron microscope needs a vacuum 
environment for proper operation, most AFM modes can work perfectly well in the ambient air or 
even a liquid environment. However, AFM could not scan images as fast as SEM.  
In the frame of the present work, AFM studies were performed by a Molecular Imaging 
PicoSPM and Digital Instruments Nanoscope III atomic force microscopes. 
 
 
3.3.5 Scanning Kelvin probe force microscopy 
 
SKPFM is a promising method to study the surface electrical properties 107. Scanning 
Kelvin probe force microscopy (SKPFM) operates in noncontact mode of AFM108.   The work 
function of the sample surface can be recorded by SKPFM at atomic scale. 
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Fig. 3.3.1 Schematic image of a tip sample contact and the associated energy levels: a) 
tip and sample are separated, b) tip and sample are in contact, and c) upon applying an 
additional external potential109. 
 
When two metals with a different work function Φ are separated, their energy levels are 
different (fig. 3.3.1a). After electrical contact of them occurs their Fermi levels align. Thus, 
electrons flow from the metal with lower work function (Φsample) into to the metal with higher 
(Φtip). The charges accumulate on the surface, resulting in a space charge. Afterwards, their 
electric field start to push the electrons back, until an equilibrium is reached (fig. 3.3.1b)109. In 
the equilibrium, the separated space charges result in a potential difference, which is called 
Volta potential difference (VPD) (fig. 3.3.1c) which equals: 
 
VPD = (Φsample-Φtip)/e    (3.7.1) 
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In a metal, the work function is defined as the energy difference between the vacuum   
state and the Fermi energy, which is also the minimal energy required to remove an   electron 
from the metal to vacuum. For semiconductors, the work function can be   regarded as the 
difference in energy between the vacuum energy level and the most   loosely bounded electron. 
SKPFM is a useful technique for study of surface   structure110, doping and band-bending of 
semiconductors111.  
The method of contact potential difference measurement was developed for more than a 
century ago by Lord Kelvin in 1898112, called Kelvin probe method.  
In comparison with the conventional Scanning Kelvin Probe (SKP), it combines 
capabilities of both SKP and atomic force microscopy and provides much higher resolution 
when mapping the local electrical properties of a surface. The Kelvin probe methods are based 
on the measurement of the VPD between the surface and a reference electrode. A conductive 
cantilever is used for KPFM. The cantilever is a reference electrode   that forms a capacitor with 
the sample surface, and the cantilever scans above the sample   at a constant height. The 
cantilever oscillates but not driven at its resonance frequency while an AC bias VAC is applied 
at the resonance frequency. 
The (DC) bias voltage is modulated with an AC voltage. If the DC components not equal 
to the CPD, the AFM will be excited also at the modulation frequency and oscillate with a certain 
amplitude. A DC bias VDC forms between the cantilever and the sample when the cantilever 
and the sample are close, since electrons will flow from the material with a lower work function 
to the material with a higher work function. The AC and DC bias will cause the cantilever to 
vibrate. 
This oscillation can be detected through the photo detector. A null circuit is used to apply 
a DC potential to minimize the oscillation. This DC potential is recorded and produces an image 
of the work function of the sample. 
The Lock-in technique and a feedback on the DC bias can be used to keep the minimal 
AC amplitude. This method can be applied while scanning an image in AFM mode, resulting 
both AFM image and map of CPD.  
In the SKPFM technique, VPD corresponds to the voltage that nulls the oscillations of a 
cantilever, while in a SKP method it is equal to the voltage applied to null the induction currents 
between the electrode and the surface 113-114. It was shown 115-116 that the VPD distribution 
observed in some metals correlates with their corrosion potential. Thus, in spite of some 
restrictions of the technique related to the impact of the topography, probe-surface interactions 
and others 117, SKPFM is a valuable tool for nano-scale surface studies.  
The measured potential consists of the contact potential and that induced by embedded 
charges (induced potential). Opposite charges localized near the counter interfaces, create 
polarization of a film. The character of the charge distribution and, as result, the magnitude of 
the polarization of the anodic alumina films have been found to be affected by the anodisation 
conditions 118. In particular, Hickmott has shown 119 that the charge contributing to the 
polarization depends on the nature of the anodizing electrolyte. Lambert et al. 118 associated the 
permanent polarization of thin anodic alumina layers with charges trapped by structural defects 
created during the anodisation process. An atomic force microscope and a Kelvin probe were 
applied to measure the potential induced by these embedded charges 118. It was found that 
application of potentiostatic polarization to the layers prepared using galvanostatic anodisation 
results in significant increase of their polarization. Scanning Kelvin probe force microscopy 
(SKPFM) has recently been used to study electrical properties of oxidized aluminium surfaces, 
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since changes in the Volta potential difference (VPD) measured by SKPFM are caused by 
changes in the inducted potential 120.  
In the frame of the present work, SKPFM studies were performed by Digital Instruments 
Nanoscope III atomic force microscope and Cr-Pt tips (Budget sensors). 
 
 
 
3.3.6 Electrochemical impedance spectroscopy 
 
Electrochemical impedance spectroscopy (EIS) is a powerful technique for the 
investigating the mechanisms of electrochemical reactions, surface and bulk properties and 
structure of different electrode materials. It is widely used to characterize cell limitations and 
study processes occurring on different time-scales. EIS is based on the current response when 
a small sine wave is applied to the system. The EIS characterization technique has been widely 
used in corrosion, electrode kinetics, membranes, batteries and solar cells, biochemistry, solid 
state electrochemistry, in development and characterization of fuel cells. The main feature of 
this technique is based on its ability to distinguish, in the frequency domain, the individual 
contributions of charge-transfer, mass-transfer and ohmic losses121-122. However, despite its 
high potential and applicability to many fields of electrochemistry, data interpretation is 
sometimes difficult. Interpretation of the EIS data requires a model representing physically 
meaningful parameters relevant to system, and assessment of the stochastic error structure. 
The most common approach to simulate experimental data is based on the development of 
equivalent circuits, which consist from an arrangement of different electrical elements and 
having the same frequency response than the one obtained by EIS measurements. The most 
commonly used equivalent circuit elements are: 
Resistors (R) - The impedance of a resistor is independent of frequency and has no 
imaginary component. The current through a resistor stays in phase with the voltage across the 
resistor. 
Capacitors (C) - A capacitor's impedance decreases as the frequency is raised. 
Capacitors also have only an imaginary impedance component 
Warburg Element - Diffusion can create an impedance known as the Warburg 
impedance. At high frequencies the Warburg impedance is small since diffusing reactants don't 
have to move very far. At low frequencies the reactants have to diffuse farther, thereby 
increasing the Warburg impedance. On a Nyquist plot, it appears as a line with a slope of 0.5 
Constant phase element (CPE): For the solid electrode solution interface, the situation is 
complicated by apparently non-capacitive properties of the interface. In modelling this system, 
the capacitance should be replaced by a distributed electrical element. Usually this is a constant 
phase element CPE. CPE is characterised by two parameters, neither of them being a 
capacitive one. The origin of CPE behaviour at the interface has been a subject of many papers 
123-125. This phenomenon is also called ‘frequency dispersion of capacitance’. Its 
physicochemical nature are still not clear. 
The admittance, Y, of the CPE element can be alternatively defined by the 
phenomenological equations: 
 
YCPE(a) = Qa(iω)α   (3.8.1) 
YCPE(b) = Qb(iω)α   (3.8.2) 
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where i is the imaginary unit and ω is the angular frequency. The coefficient Qa or Qb. and 
fractional exponent, α, are the parameters of the CPE. Generally, -1 ≤ α ≤ 1. A CPE cannot be 
described by a finite number of discrete elements (R, C and L) with frequency-independent 
values. However, for some values of α, it simplifies to discrete elements: for α  = -1, it is an 
inductance (Qa = L-1), for α = 1, it is a capacitance (Qa = Qb = C), for α =0, it is a resistance (Qa 
= R-1), and for α  = 0.5, it is a Warburg element. 
The impedance of the CPE, ZCPE, depends on frequency, ω, according to the following 
equation123, 125:  
 
  1[ ]
n
CPEZ Q j

   (3.8.3) 
 
where Q is a parameter numerically equal to the admittance (|Z|-1) at ω= 1 rad s-1 and n (≤ 1) is 
a power coefficient calculated as the ratio of the measured maximum phase angle and -90 
degrees. The value of effective capacitance, Ceff, can be estimated by assuming a normal time-
constant distribution through a surface layer by Brug’s equation (5) derived by Hirschorn et 
al.126: 
 
   (3.8.4) 
 
In the frame of current work, the electrochemical impedance spectroscopy 
measurements were performed using a Gamry FAS2 Femtostat with a PCI4 Controller in a 
frequency range from 105 to 10-3 Hz with 7 points per decade. The measurements were carried 
out at room temperature in a conventional three-electrode cell consisting of a mercury–
mercurous sulphate reference electrode, a platinum foil as a counter electrode and the working 
electrode with an exposed area of 1 cm2. Impedance spectra were recorded applying a 10 mV 
(RMS) sinusoidal perturbation at an open circuit potential. The cell was placed in a Faraday 
cage to avoid interferences with external electromagnetic fields.  0.1 M acetic buffer solution 
(pH=6.03) and 0.1 M ammonium pentaborate ((NH4)2B10O16) aqueous solution was used as 
electrolyte for EIS measurements. Before recording the spectra, the system was allowed to 
attain a stable open circuit potential. At least two samples prepared in the same conditions were 
tested to ensure reproducibility of the results. The impedance plots were fitted using equivalent 
circuits by means of the Echem Analyst software from Gamry Inc.  
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4 Results and discussion 
 
Introduction 
 
The present work aims at deposition of anodic oxide films with advanced properties on 
different metallic substrates using a high voltage pulse anodisation technique. The most 
important distinction of this technique in comparison with the known galvanostatic (or 
potentiostatic) anodizing or micro-arc oxidation is an extremely high rate of the film growth 
realized under the action of short powerful high-voltage electric discharges in electrolyte. 
Anodisation by this method allows preparing both doped and non-doped coatings. The doping 
of the anodic films can result in essentially different properties desirable for particular 
applications such as improved corrosion resistance, photosensitive properties, biocompatibility 
etc.  
To prepare films by powerful pulsed discharge oxidation (PPDO) technique a special 
setup was developed (3.1). In comparison with conventional anodisation, which is widely used 
for more than a century, setup for PPDO is relatively unique and has several nuances. This 
setup is based on accumulation  of  charge by a low latency capacitor bank, which is injected 
into the electrochemical cell by means of a low-inertial switch triggered by a synchronizing 
pulse. It allows to study kinetics of the pulsed discharges without limitation from the equipment 
side. This system allows to produce compact films with desired thickness by controlling the 
number of pulses, capacitance and applied voltage. ). It was found that also applying pulses to 
a porous oxide produced by traditional methods results in melting of the top layer of the pores 
and creates a complex composite porous film with closed porosity. Aluminium and titanium were 
the substrates in focus in this work. 
In the frame of current PhD thesis four articles were published and two more are 
currently under submission. In a first work (“Impedance behavior of anodic TiO2 films prepared 
by galvanostatic anodisation and powerful pulsed discharge in electrolyte”) anodic titania films 
were prepared on titanium by the novel powerful pulsed discharge technique, which confers 
extremely high rates of film growth. Electrochemical impedance spectroscopy (EIS) has been 
used as a main method to study the structure and semiconductive properties of the anodic 
oxide films grown in sulphuric acid electrolyte. In this work the EIS results were supported with 
microscopic observations and photoelectrochemical measurements. For comparison, the 
properties of the anodic films prepared by the conventional galvanostatic anodisation in the 
same electrolyte were also examined. For modeling of the impedance spectra, different 
equivalent circuits taking into account the effects of space charge region and film structure were 
proposed. It was shown that thinner anodic films (d ≈ 25 nm) prepared by both methods 
demonstrate a similar behavior characteristic of amorphous barrier-type oxide, whereas a very 
significant difference in the properties of the films produced by the two different approaches was 
revealed for thicker films (d = 70-120 nm). The discharge-prepared films in this range of 
thickness are composed by one compact layer with a relatively low concentration of ionized 
donors (Nd = 1.3×1018 cm-3) estimated from Mott-Schottky plots, while the conventional 
galvanostatic method leads to the development of two-layer films consisting of an inner compact 
layer and a nanoporous outer one. The latter samples exhibit a significantly reduced 
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photocurrent response at short wavelengths and an essentially higher concentration of ionized 
donors as compared with the films obtained by the pulsed discharge method. 
In another paper (“Anodic alumina films prepared by powerful pulsed discharge 
oxidation”) a novel powerful pulsed discharge anodisation technique has been applied to 
prepare dense, homogeneous oxide films of 16 to 180 nm thickness on aluminium surface. The 
Volta potential difference of the obtained films was studied by scanning Kelvin probe force 
microscopy. It was shown that the measured VPD values were correlated with the films 
thicknesses and compared with the same correlation for the anodic alumina films prepared by 
the conventional galvanostatic and potentiostatic methods. The anodic films carry an induced 
polarization due to the embedded charges localized near the film interfaces. It was shown that 
despite the apparent differences in the respective anodisation processes, the pulsed discharge 
films demonstrate the magnitude of polarization entirely comparable with that of the 
conventional anodic alumina films of the same thickness. At the same time, the pulsed 
discharge films are characterized by more uniform surface structure and electrical properties. 
The characteristic features of the films such as their fast growth and homogeneity have been 
considered in terms of the processes occurring during the powerful pulsed discharge.  
In a third paper (“Titania films obtained by powerful pulsed discharge oxidation in 
phosphoric acid electrolytes”) thin TiO2 films were prepared on the titanium surface using the 
powerful pulsed discharge oxidation method in phosphoric acid based electrolytes. The 
obtained films were characterized with electrochemical impedance spectroscopy, photocurrent 
spectroscopy, scanning Kelvin probe force microscopy, and Mott-Schottky plot analysis. The 
potential dependence of the space charge layer capacitance demonstrated that the ionized 
donor concentration in the oxide is strongly influenced by the electrolyte concentration used 
during the pulsed anodisation. It is also shown that the main factor influencing the kinetics of the 
oxide film growth is the concentration of point defects, which, in turn is determined by the 
composition of electrolyte. SKPFM results show a non-linear evolution of the Volta potential of 
the anodized surface with the film thickness reaching a plateau after the film thickness exceeds 
100 nm. The results obtained in this paper clarify the mechanisms of titania film formation under 
high-voltage pulses and allow tuning the semiconductive properties of thin oxide layers on 
titanium surfaces. 
In the paper “Aluminium anodisation in deionised water as electrolyte” thin oxide films 
were prepared electrochemically on the aluminium surface using the high-voltage discharge and 
high-voltage potentiostatic methods in deionised water as an electrolyte. In contrast to the high-
voltage discharge anodisation in highly conductive electrolytes 4-5, 127, the process in deionised 
water cannot be explained by the same mechanism and has a significant difference in duration. 
As it was shown previously 127 in highly conductive electrolytes, such as 0.1 M ammonium 
pentaborate, the full discharge takes less than 0.5 s. In deionised water, the applied voltage 
decays down to 100 V over a period of more than 100 s. Also in deionised water, the 
measurements do not reveal the presence of plasma since besides the time elapsed, the 
current is low compared to previous works 127-128.  Taking into account the growth rate of the 
films, their composition and structure, it can be suggested that the growth mechanism is similar 
to that obtained in potentiostatic method in conventional solutions where plasma is not similarly 
formed during film growth115.  
It was found that the growth of continuous films occurred only at potentials lower than the 
breakdown potential. The films obtained by the discharge method are more uniform and can 
grow to a higher thickness in comparison to those formed by the potentiostatic mode, as 
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demonstrated by electrochemical impedance spectroscopy, transmission electron microscopy, 
and scanning Kelvin probe force microscopy.  
In a following work (“Aluminium and titanium-aluminium nanorods encapsulated into 
oxide matrix by powerful pulsed discharge method”) metal nanostructures, formed in porous 
alumina and titania coatings, were encapsulated using the powerful pulsed discharge method. 
The metal nanorods were deposited in the pores by direct electrodeposition from 1-ethyl-3-
methylimidazolium chloride-based ionic liquids. The deposition process was characterized by 
cyclic voltammetry. Morphology of the encapsulated structures was studied by SEM. It was 
found that the most efficient method for electrodeposition of pure aluminium into titania 
nanotubes is the potential cycling method, while for deposition of the Al-Ti alloy in alumina 
pores a pulsed method with three different steps is preferable. It was shown that closing the 
titania nanotubes is possible both with empty and metal-filled channels, whereas for the alumina 
matrix this procedure can be performed only when pores are filled with conductive material.  
 Finally, in the work “Powerful pulsed discharge oxidation of aluminium and titanium in 
hydrogen peroxide and distilled water” thin oxide films were prepared electrochemically on the 
aluminium and titanium surfaces using the high-voltage powerful pulsed discharge oxidation 
method in distilled water and hydrogen peroxide as electrolytes. It was found that growth of the 
continuous film on the aluminium is possible in both electrolytes at potentials 1400V-2000V. In 
the case of titanium in distilled water growth of the films is possible until a certain limit, which 
decreases with increment of the potential. The films obtained by the discharge method are 
uniform and have lower number of defects compared to those obtained by conventional 
methods as demonstrated by several different techniques. 
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4.1 Impedance behavior of anodic TiO2 films prepared by 
galvanostatic anodisation and powerful pulsed discharge in electrolyte 
 
Contribution to this paper: 
Fitting of the EIS obtained data, electron microscopy, partial sample preparation, reproducibility 
experiments, preparation of all images, partial text preparation. 
 
4.1.1 Introduction 
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Titanium and its alloys are widely used in different applications owing to their good 
mechanical properties and a high corrosion resistance in various media129. The latter is 
provided by a chemically stable oxide film which spontaneously forms on titanium. 
Electrochemical oxidation (anodisation) of titanium and its alloys provides thicker oxide layers 
demonstrating improved protective and functional properties 2, 24. Thin films of titania has very 
high potential to be used for fabrication of memristors130. The memristance arises naturally in 
nanoscale systems in which solid-state electronic and ionic transport are coupled under an 
external bias voltage131. The thickness and defect structure of the titania films has a significant 
effect on the memristance properties130.  
It have been shown that the properties of the anodic films on titanium depend greatly on 
the conditions at which the film is grown 22, 25, 27, 132-138. One of the important factors affecting the 
characteristics of the anodic films is their growth rate. Blackwood and Peter reported that the 
relative dielectric constant, ε, and defect concentration profiles in the oxide film depend 
markedly on the film growth rate134. Ohtsuka and Otsuki revealed that the ε value increases and 
the ionized donor concentration decreases with increasing the growth rate of the anodic film on 
titanium25. The refractive index of the anodic TiO2 films was also found to be smaller with the 
higher growth rate136.  
Recently we have demonstrated the application of the high-voltage pulsed discharge 
technique for creation of thin anodic films on titanium4. Under the action of single powerful 
electric discharges in electrolyte, extremely high rates (400-700 μm/s) of the oxide film growth 
were reached on the titanium anode. The growth rate is the fastest ever reported. The results of 
Auger depth profiling showed that the oxide films prepared by the pulsed discharge method are 
characterized by higher stoichiometry and more homogeneous distribution of basic elements (Ti 
and O) through the film thickness in comparison to the films grown by the conventional 
galvanostatic anodisation4. Moreover, enhanced photoelectrochemical activity was revealed for 
the pulse discharge-prepared films motivating their further investigation. Also preparation of 
oxide films on pure aluminium electrodes using the powerful pulsed discharge technique was 
studied127. It was found that dense one-layer alumina films with thicknesses up to 200 nm can 
be created on the Al surface. Scanning Kelvin Probe Force Microscopy (SKPFM) 
measurements showed that the anodic alumina films prepared by the pulsed discharge method 
have more uniform surface structure and electrical properties which are less dependent on the 
initial surface conditions than those of the films prepared by the conventional anodisation 
methods. 
Electrochemical impedance spectroscopy (EIS) is a powerful technique for in situ 
characterization of various oxide films on metal surfaces. This technique was successfully 
applied to examine anodic oxide films on different valve metals such as Al139-141, Zr142, Nb143. 
EIS was also used to characterize oxide films on titanium surface 17, 144-158 . Blackwood 144 
investigated the impedance response from very thin (several nanometers) passive oxide films 
on titanium and showed that the contribution of the space charge region (SCR) formed in the 
oxide layer must be taken into account when interpreting the impedance data. In a number of 
EIS studies17, 149-150, impedance spectra of thin anodic films on titanium exhibit a single time 
constant, which is indicative of a uniform compact layer, whereas thicker films tend to reveal a 
second time constant in the impedance spectra. In the latter case, the interpretation of the EIS 
data was based on a two-layer model of the oxide film composed by a thin intact inner layer and 
a porous outer layer 17, 145, 149-151, 158.  
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In the present work, electrochemical impedance spectroscopy has been used as the 
main method for characterization of the structural features and semiconductive properties of 
novel anodic oxide films formed on titanium at extremely high growth rates under the powerful 
pulsed discharges (hereafter referred to as PD films). For comparison reasons, impedance 
spectra recorded on the films grown by the conventional galvanostatic oxidation (hereafter 
referred to as GS films) are also discussed. The photoelectrochemical method as well as 
transmission electron microscopy (TEM) accompanied with electron diffraction were also 
applied for studying the anodic oxide films to support the selection of the equivalent circuits and 
the conclusions drawn from the EIS measurements.  
 
4.1.2 Experimental 
 
Titanium plates (0.8×70 mm; 99.999% Ti) used as working electrodes were polished 
mechanically and then chemically in HF:HNO3 (1:3 by volume) mixture to mirror finish and 
finally rinsed with deionised water. Part of the surface was isolated with epoxy resin, giving 
electrode working area of 6 cm2.The electrochemical cell used for the pulsed discharge 
oxidation of Ti was constructed from high-impact polystyrene and consisted of a titanium anode 
placed in the center of a cylindrical Ti cathode with 20 times larger surface area. 1 M H2SO4 
aqueous solution (T = 25±1°C ) was used as an electrolyte. Electric discharges in the electrode 
system were generated using a low-inductive 100 μF capacitor bank charged to a definite 
voltage (1350 V) which was commutated with a low-inertial relay triggered by a synchronizing 
pulse. Duration of discharge was less than 10 µs Conventional galvanostatic anodisation of the 
titanium electrodes was performed in the same cell at a current density of 10 mA cm-2 using a 
controllable dc power supply. 
The EIS measurements were performed using a Gamry FAS2 Femtostat with a PCI4 
Controller in a 105 down to 10-2 Hz frequency range with a step of 10 points per decade. 
Impedance spectra were recorded applying a 10 mV sinusoidal perturbation at open circuit 
potential or at different potentials in the range from 0.8 V to -0.4 V vs SCE. The EIS 
measurements were carried out at room temperature in a conventional three-electrode cell 
consisting of a saturated calomel reference electrode (SCE), a platinum foil as the counter 
electrode and the working electrode with an exposed area of 1 cm2. The cell was placed in a 
Faraday cage to avoid interferences with external electromagnetic fields. The working solution 
was 0.1 M acetate buffer (pH 6). To remove oxygen, the solution was purged with argon. Before 
the spectra recording, the system was allowed to attain a stable open circuit potential or a 
quasi-stationary current under potentiostatic polarization. At least two samples prepared under 
the same conditions were tested to ensure reproducibility of the results. The impedance plots 
were fitted using different equivalent circuits by means of the Elchem Analyst software from 
Gamry Inc.  
Photocurrent spectra were recorded in a quartz cell having an optical quality window. A 
setup equipped with a high-intensity grating monochromator, a 1000 W xenon lamp and a 
slowly rotating light chopper (0.3 Hz) was used for monochromatic irradiation of the working 
electrode. Photocurrent spectra were corrected for the spectral intensity distribution at the 
monochromator output measured by a calibrated thermocouple power meter. 
TEM measurements were performed on a Hitachi H9000 transmission electron 
microscope at an acceleration voltage of 300 kV. Electron transparent sections for TEM with a 
thickness of 15 nm were cut using a Leica Reichert Supernova ultramicrotome. To prepare the 
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samples, titanium electrodes with an oxide film were embedded into resin and polished from the 
metal side up to a thickness of 10-15 µm, and then they were re-embedded into resin. A cut with 
a width of 10 µm was then made using an ultramicrotome with a glass knife. Obtained microrod 
(10-15µm × 10µm × 3-4mm, oxide is on the one of faces) was embedded once more into resin, 
perpendicular to the cut, and finally was sliced with a diamond knife (Diatome 45°). 
 
 
4.1.3 Anodic oxide film formation 
 
Upon the action of powerful electric discharge on the electrode system, the extremely 
rapid growth of the oxide film on titanium anode surface is observed. An electric charge of 
0.0225 C cm-2 was passed through the Ti electrode – electrolyte interface during one discharge, 
resulting in the formation of 25 nm thick anodic film as shown in our previous work 4. The 
subsequent discharges lead to step-wise increase in the film thickness visually observed as a 
characteristic change of the interference color. The color properties of anodic oxide films on 
titanium have been previously shown to originate from light interference159. The average 
thickness of the obtained anodic films was estimated by the depth profile analysis using Auger 
electron spectroscopy as described in detail in our previous work4. For relatively thick films 
(120-170 nm) the thickness values were also confirmed by TEM observations (Fig. 4.1.1.). The 
films obtained by the discharge approach appear to be intact and uniform.  
 
 
 
Figure 4.1.1. Transmission electron micrographs of a cross section of the anodic TiO2 
films on titanium prepared by the powerful pulsed discharge method. Five (A) and ten (B) 
discharges (U = 1350 V; C = 100 μF) were passed through the electrode system. 
 
 
For comparison, the anodic films on titanium were also prepared by the conventional 
galvanostatic anodisation in the same electrolyte at a current density (j) of 10 mA cm-2. The 
duration of the galvanostatic anodisation was chosen so that the thickness of the GS films was 
coincident with that of the PD films. This makes possible more correct comparison of the 
properties of the anodic films prepared by these two methods. The anodizing ratio (the ratio 
between the oxide film thickness, d, and the maximum film formation voltage, Umax) calculated 
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for the galvanostatic growth of anodic TiO2 films was about 2.78 nm/V and slightly decreased 
down to 2.65 nm/V for the films with d > 120 nm. This estimate is in a good agreement with the 
anodizing ratio values (2.5-3 nm/V) more commonly reported in literature for the titania anodic 
films grown in sulphuric acid solutions 27, 156, 159-162.  
 
 
 
4.1.4 EIS measurements 
 
Figure 4.1.2 shows the Bode plots obtained on the titanium electrodes covered with GS 
and PD anodic oxide films with different thickness. The impedance spectra presented in Fig. 
4.1.2 were measured at anodic bias (0.6 V vs SCE). In this potential region the EIS spectra of 
the anodic films, as will be shown below, are insignificantly changed with electrode potential. In 
a wide range of thickness, impedance spectra of the PD films exhibit an almost pure capacitive 
response (one time constant) illustrated by a phase angle close to -90º over a wide frequency 
range from 103 to 0.1Hz originated from capacitance of the formed titania film (Fig. 4.1.2a). 
Only at lower frequencies does the phase angle starts to increase demonstrating the onset of 
the resistive response originated from the resistance of the oxide layer.  
 
 
 
 
Figure 4.1.2. Impedance spectra of the anodic oxide films with different thickness formed 
on titanium by pulsed discharge method (a) and galvanostatic anodising (b). The spectra were 
measured at a potential of 0.6 V. 
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The Bode plot of the thinnest (d ≈ 25 nm) anodic film produced by the conventional 
galvanostatic technique exhibits quite similar behavior and impedance values as compared with 
those of the pulse discharge-prepared one with the same thickness (Fig. 4.1.2b). As the film 
thickness grows, a second time constant begins to appear in the EIS spectra of the GS films at 
intermediate frequencies. This relaxation process starts to be more pronounced and shifts 
gradually to higher frequencies with film thickening (Fig. 4.1.2b).  
According to the literature 17, 145, 149-151, the first time constant can be assigned to the 
response from compact inner layer. Another time constant at intermediate frequencies is related 
to the outer porous layer. The formation of bilayer structure for the GS films is also supported 
using cross-sectional TEM analysis (Fig. 4.1.3). The bright field image (Fig. 4.1.3a) 
demonstrates a porous outer layer. Two layers are well distinct on the dark field (Fig. 4.1.3b): 
outer layer is composed almost completely by amorphous oxide, while clearly defined 
crystallites (bright spots) can be found in inner layer. These electron microscopy data are in 
good agreement with the TEM observations presented by Jaeggi et al. 149. Taking into account 
this consideration, one may assume that the anodic films grown on titanium by the pulsed 
discharge method in a wide range of thickness is constituted by only one compact uniform oxide 
layer. This suggestion is confirmed by TEM as shown in Fig. 4.1.1.  
 
 
 
Figure 4.1.3. Bright field (A) and dark field (B) transmission electron micrographs of a 
cross section of the anodic TiO2 film prepared by galvanostatic anodizing (Umax = 64 V). Bright 
parts on the dark field TEM image show TiO2 nanocrystallites. (C) shows electron diffraction 
pattern from the TiO2 nanocrystallites. 
 
It is known that titanium dioxide films prepared by anodisation are not simply a dielectric, 
but demonstrate well defined semiconductive behavior163-164. Therefore, for these materials the 
influence of a space charge region (SCR) formed at the oxide – electrolyte interface on the 
electrochemical impedance spectrum can be appreciable 144, 151, 158. To clarify this point for both 
PD and GS anodic films, the effect of the applied potential on the impedance spectra was 
studied. It is well known that polarization of a semiconductive film leads to variation of its 
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capacitance and, in turn, to modulation of the corresponding part of the impedance spectra. The 
modulation of the capacitance response under the variable polarization is used as a proof of 
correct assignment of the corresponding part of the spectra to the SCR158. The impedance 
spectra for the films with different thicknesses were acquired in a potential range from -0.4 to 
0.8 V for GS and PD films where the current values are very low (≤ 1-2 μA cm-2), moving from 
positive to negative potentials with a 0.2 V step.  
 
 
 
 
Figure 4.1.4. Impedance spectra of the 50 nm thick anodic oxide films formed on 
titanium by pulsed discharge method (a) and galvanostatic anodizing (b). The spectra were 
measured at different potentials. 
 
 
The impedance spectra of 50 nm thick PD and GS anodic films taken at different 
potentials are shown in Fig. 4.1.4. The spectra depend slightly on the electrode potential in the 
region of positive bias. At potentials below 0 V vs SCE, a distinct second time constant appears 
in the spectra of the PD films and a third time constant – in the spectra of the GS ones (Fig. 
4.1.4). This additional time constant is gradually shifted to lower frequencies with increasing film 
thickness. It is important to notice that the variation of the impedance spectra with electrode 
potential is reversible, i.e. after negative polarization similar spectra can be observed again at 
positive potentials. It is evident that this relaxation process modulated by the applied potential is 
originated from the SCR response. 
In order to take into account the structure of the anodic oxide films formed on titanium 
and possible contribution of the space charge region, different equivalent electric circuits (EEC) 
were tested for fitting the experimental impedance spectra. When choosing an appropriate EEC 
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describing the obtained impedance spectra with a minimum error and a minimum number of 
EEC elements, physical significance of the EEC parameters as well as their correct evolution 
with changing the electrode potential and TiO2 film thickness were taken into consideration.   
 
 
 
Figure 4.1.5. Equivalent circuits used for fitting the impedance spectra of the anodic films 
formed on titanium by pulsed discharge method (a) and galvanostatic oxidation (b). 
 
 
The whole set of EIS data for PD films can be satisfactorily fitted using the circuit (Fig. 
4.1.5a) corresponding to the Voight model163, where CPEsc and CPEb represent the space 
charge layer and bulk film constant phase elements and Rsol, Rsc and Rb – the resistances of 
electrolyte, space charge layer and bulk film, respectively. Impedance spectra of the GS films 
were fitted using a more complex EEC shown in Fig. 4.1.5b, where CPEout and CPEin 
represent the constant phase elements of the outer nanoporous layer and inner compact layer 
and Rout and Rin – the resistance of the outer nanoporous layer and inner compact layer of the 
film, respectively. These equivalent circuits were already reported in the literature as adequate 
for fitting the EIS spectra of anodic titania layers obtained at different conditions158. 
A constant phase element (CPE) instead of a capacitor was used in all fittings presented 
in the work. Such modification is needed when the phase angle of the capacitor is different from 
-90 degrees. The physical origin of the CPE has been widely discussed in literature125, 165. The 
impedance of the CPE, ZCPE, depends on frequency, ω, according to the following equation:  
  1[ ]
n
CPEZ Q j

     (4.1.1) 
 
where Q is a parameter numerically equal to the admittance (|Z|-1) at ω= 1 rad s-1  and n 
≤ 1 is a power coefficient calculated as ratio of the phase angle at maximum of the 
corresponding time constant to -90 degrees. The capacitance values for the capacitive 
elements in the equivalent circuit were calculated as described previously166.  
As seen from Figure 4.1.6, the fitting curves show good agreement with the experimental 
impedance spectra.  
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Figure 4.1.6. Impedance spectra measured at electrode potentials of 0.6 and -0.2 V for 
50 nm thick anodic titania films formed by pulsed discharge method (a) and galvanostatic 
anodizing (b). Symbols are the experimental points; lines present the fitting curves obtained 
using the equivalent circuits shown in Fig. 4.1.5. 
 
 
 
 
 
Table 4.1.1.  
Equivalent circuit parameters and respective errors (in percents) obtained after fitting the 
impedance spectra of 50 nm thick PD film (Figs. 4.1.4 and 4.1.6) polarized at different 
potentials. nsc and nb are the power coefficients for the constant phase elements of SCR and 
bulk layer, respectively. 
 
Applied 
potential 
(V) 
Rsol 
(Ohm cm2) 
Rsc ×10-6 
(Ohm cm2) 
CPEsc ×106 
(S sn cm-2) 
nsc Rb 
(Ohm cm2) 
CPEb×106 
(S sn cm-2) 
nb 
-0.2 3.7 ±2.4% 18 ±7.8% 4.3 ±0.70% 0.92 ±0.24% 140 ±9.3% 9.2 ±14% 0.88 ±1.7% 
0 3.8 ±2.4% 40 ±9.5% 2.4 ±0.71% 0.95 ±0.24% 110 ±21% 22 ±31% 0.87 ±3.4% 
0.6 3.9 ±2.1% 56 ±7.9% 1.6 ±0.69% 0.97 ±1.9% 8.0 ±11% 27 ±20% 1.0 ±19%* 
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Table 4.1.2. 
Equivalent circuit parameters and respective errors (in percents) calculated by fitting the 
impedance spectra of 50 nm thick GS film (Figs. 4.1.4 and 4.1.6) polarized at different 
potentials. nsc, nout and nin are the power coefficients for the constant phase elements of SCR, 
outer nanoporous layer and inner compact layer, respectively. 
Applied 
potential 
(V) 
Rsol  
(Ohm cm2) 
Rout  
(Ohm cm2) 
CPEout×10
6 
(S sn cm-2) 
nout Rin×10
-3 
(Ohm cm2) 
CPEin×10
6 
(S sn cm-2) 
nin Rsc×10
-6 
(Ohm cm2) 
CPEsc ×10
6 
(S sn cm-2) 
nsc 
-0.2 4.0 ±0.38% 31 ±9.4% 1.6 ±9.4% 1.0±7.3%* 2.1 ±17% 37 ±26% 0.66 ±5.5% 1.5 ±3.7% 8.1 ±1.9% 0.92 ±0.96% 
0 4.0 ±0.45% 36 ±17% 1.5 ±12% 1.0 ±11%* 3.7 ±6.5% 34 ±32%  0.60 ±7.5% 26 ±2.4% 5.6 ±4.1% 0.93 ±0.84% 
0.6 3.9 ±0.41% 62 ±9.4% 1.5 ±14% 1.0±8.2%* 5.5 ±6.6% 28 ±36% 0.58 ±8.4% 41 ±2.7% 3.9 ±3.8% 0.95 ±1.2% 
 
*High value of error was obtained due to the limitation of the n. Maximum value of CPE 
exponent is 1, so higher values have no physical meaning. 
 
 
The representative results of impedance data fitting for different electrode potentials are 
presented in Tables 4.1.1 and 4.1.2 for 50 nm thick PD and GS films, respectively. These data 
show that all the elements of the equivalent circuits behave in a consistent manner. The 
resistance of the space charge region of both PD and GS films is highest and ranges from 10 to 
70 MOhm cm2 under positive bias, decreasing significantly at negative polarization. The outer 
layer of the GS films has more than three orders of magnitude lower resistance, suggesting the 
porous structure of this layer. The capacitance of the outer and inner layers depend noticeably 
less on the applied potential in comparison with parameters of the space charge region. The 
electrolyte resistance (several Ohms cm2) remains constant over the whole potential range. The 
values of the exponent n range from 0.8 to 1 (except nin for the GS film), conforming thereby 
mainly capacitive character of the CPE elements.  
The main objective of the performed impedance analysis was to elucidate how the 
extremely fast growth of the titania films can influence the structure and semiconducting 
properties of the anodic layers. The results clearly show that PD films are constituted by a 
single layer while the conventional GS films are constituted of outer porous and inner dense 
oxide layers. The semiconductive properties of the anodic layers can be assessed by analyzing 
the impedance response from the space charge layer.  
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Figure 4.1.7. Capacitance and resistance of the SCR for anodic titania films formed by 
pulsed discharge method (a) and galvanostatic anodizing (b) as a function of the electrode 
potential for different thicknesses of the films. 
 
 
Figures 4.1.7 presents the dependencies of the equivalent circuit parameters related to 
the SCR for the PD and GS anodic films with different thicknesses on the electrode potential. As 
seen from this figure, the values of SCR resistance and SCR capacitance decrease and 
increase, respectively, with decreasing electrode potential. As expected the sharpest variation 
of the Rsc and Ccs values is observed in the negative potential region near the flat band 
potential, Efb, in accordance with the well known Mott-Schottky equation: 
 
    (4.1.2) 
 
 
where Nd is the ionized donor concentration for a n-type semiconductor, ε the relative dielectric 
constant of the anodic film, ε0 the permittivity of free space, E the electrode potential, k the 
Boltzmann constant, T the temperature and e the charge of an electron.  
It should be noted that the validity of the simple Mott-Schottky analysis is unambiguously 
confirmed only for classical single crystal or polycrystalline semiconductors. For thin anodic 
oxide films on valve metals, which are usually amorphous, the validity of this analysis is 
controversial 167-168. Notwithstanding this fact, the Mott-Schottky relationship has been used by 
a great number of researchers for estimating semiconductive parameters of thin anodic oxide 
films on various valve metals such as titanium25, 134, 144, 151, 156-158, 163, niobium 169-170, tin171, 
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tungsten172 and others. All things considered, in the present work we used the Mott-Schottky 
analysis for comparative reason to compare the semiconductive characteristics of the two types 
(GS and PD) of the anodic titania films having similar thickness.  
 
 
 
Figure 4.1.8. Mott-Schottky plots, constructed from the data shown in Fig. 4.1.7, for 
anodic titania films formed by pulsed discharge method (a) and galvanostatic anodizing (b). 
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As seen from Fig. 4.1.8, the calculated Csc-2 – E plots for both GS and PD films 
demonstrate a loss of linearity in the whole potential range studied, and some decrease in the 
slope is observed at higher potentials. Such nonlinearity of the Mott-Schottky plots has been 
previously found for titania anodic films and discussed by a number of researchers 25, 134, 144, 151, 
156-158, 163, 173-176. Different hypotheses have been proposed to rationalize this behavior: uniform 
distribution of the donor concentration through the film thickness 144, existence of multiple donor 
levels within the bandgap of the oxide film 174 and field dependence of the relative dielectric 
constant of the oxide 175. Moreover, at high positive potentials the passive film can be totally 
depleted of charge carriers when the space charge region becomes comparable with the film 
thickness 170, 177. Taking into account the heterogeneity and complexity of the electronic 
structure of anodic films on titanium, probably not a single, but several above-mentioned factors 
can be responsible for the nonlinearity of the Mott-Schottky plots.  
 
 
 
Figure 4.1.9. Evolution of the ionized donor concentration, Nd, calculated from the Mott-
Schottky plots, with thickness of the anodic oxide films prepared by the conventional 
galvanostatic oxidation and the pulsed discharge method. 
 
 
For estimation of the ionized donor concentration we used a linear portion of the Ccs-2 - E 
plots observed in the potential region from -0.2 to 0.4 V. It is worth to mention that the SCR 
capacitance values were obtained using analysis of the impedance spectra in a wide range of 
frequencies. Moreover, the non-ideality of the capacitance was taken into account employing 
the constant phase element approach. Figure 4.1.9 summarizes the Nd values for the anodic 
titania films with different thicknesses, which was estimated from the Mott-Schottky plots 
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assuming ε = 57 (the average of frequently reported ε values for anodic oxide films 25, 134, 144, 151, 
156-158, 163, 173-176). 
High Nd values observed for galvanostatically grown TiO2 films (> 1019 cm-3) are in good 
agreement with the literature data25, 134, 144, 151, 156-158, 163, 173-176, 178. The increase in the GS film 
thickness from 25 to 100 nm leads to some rise in the ionized donor concentration. On further 
thickening of these films the ionized donor concentration begins to decrease. An essentially 
different situation was revealed in the case of the anodic films prepared by the pulsed discharge 
method. Surprisingly the relatively thin PD films become less defective with increasing their 
thickness in contrast to the GS ones (Fig. 4.1.9). The ionized donor concentration for the 100 
nm thick PD film is about two orders lower than that for the GS film with the same thickness. 
The further thickening of the PD films leads to the increase in Nd, which could correlate with the 
onset of the film crystallization4.  
 
4.1.5 Photoelectrochemical spectroscopy measurements 
 
Photocurrent spectroscopy is the other useful in situ technique which was repeatedly 
applied to examine semiconducting characteristics of titania anodic films144, 163-164 and can be 
used to support the conclusions drawn from EIS results. We applied this technique to gain 
complementary information on the structural and semiconducting properties of the PD and GS 
anodic oxide films under study. The photocurrent spectra recorded under anodic polarization on 
two different types of the films are shown in Figure 4.1.10.  
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Figure 4.1.10. Photocurrent spectra of the anodic oxide films with different thickness 
prepared by the pulsed discharge method (a) and conventional galvanostatic anodizing (b). 
Electrode potential: 0.8 V vs. SCE. 
 
 
For thinnest films, apart a small difference in the photocurrent density, the spectrum for 
the GS films is similar to that for the PD films exhibiting a peak at 260 nm. Further thickening of 
the GS film results in a significant drop of the photocurrent in the short-wavelength region of 
spectrum, and the photocurrent maximum is shifted to 325 nm (Fig. 4.1.10b). The similar short-
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wavelength decay in the photocurrent spectra was reported previously for anodic TiO2 films 144, 
163-164, 178-179 and associated with a sharp change in the film structure (so called “film 
breakdown”) occurring in a definite thickness range during the film growth on titanium163, 178, 180. 
Since short-wavelength light with high-energy photons is absorbed close to the film surface, the 
photocurrent drop in the short-wavelength region can be related to the increased rate of 
recombination and trapping of the photogenerated charge carriers in the more defective outer 
layer formed after the breakdown of the anodic film. In contrast to the GS films, the PD films 
demonstrate considerably smaller drop of photocurrent in the short-wavelength region of 
spectrum (260-300 nm) and the photocurrent peak remains at 260 nm (Fig. 4.1.10a). These 
results indicate that the PD films are essentially more uniform and less defective than the GS 
films, which is in good agreement with the EIS data.  
For relatively thick GS films (d ≥ 170 nm), the photocurrent increases considerably, 
especially in the short-wavelength region, and the photocurrent spectra again becomes to be 
similar to those of the PD films (Fig. 4.1.10). Crystallization of thicker GS and PD films, which 
was previously evidenced by Raman measurements4, and related transformation of their 
semiconductor properties may be responsible for this effect and for the observed changes of the 
EIS spectra. TEM measurements also testify that crystallization of the anodic titania films occurs 
with increasing of their thicknesses (Fig. 4.1.3). On the dark field image (Fig. 4.1.3b) there are a 
lot of fine crystallites that appeared as a result of crystallization of the amorphous oxide. 
According to the electron diffraction patterns (Fig. 4.1.3c) the crystalline phase is anatase. 
Habazaki et. al. have reported that anatase crystallites develop in the inner anodic film region, 
formed by inward migration of oxygen species181 . 
 
4.1.6 Conclusions 
 
The EIS measurements on the titania anodic films prepared by novel high-voltage pulsed 
discharge method and the conventional galvanostatic anodisation have demonstrated that the 
impedance spectra are sensitive both to the space charge region developed in the oxide and to 
the anodic film structure changing with the film thickness. The pulsed discharge technique leads 
to the formation of single-layer compact anodic oxide films up to a thickness of 170 nm. In 
contrast, the EIS spectra of the anodic films grown by the conventional galvanostatic method 
exhibit several time constants under anodic polarization for the film thickness above 25 nm, 
indicating a film with two layers: a dense inner layer and a nanoporous outer one. These films 
show a significantly lower photoelectrochemical activity at short wavelengths as compared with 
the films prepared in the pulsed regime. The concentration of the ionized donors estimated from 
Mott-Schottky plots for the relatively thin galvanostatically grown TiO2 films (70-120 nm) is 
significantly higher (by two orders of magnitude) than that in the coatings obtained by the pulsed 
discharge method. Only at thickness above 170 nm, crystallization of both types of the films 
leads to the fact that their semiconducting properties become similar.  
The powerful pulsed discharge method can be considered as a very promising approach 
for preparation of thin anodic films on titanium offering lower defectiveness and enhanced 
photoelectrochemical response at short wavelengths.  
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4.2 Anodic alumina films prepared by powerful pulsed discharge 
oxidation. 
 
 
Contribution to this paper: 
Conception of the work, preparation of all samples, fitting of the obtained data, electron 
microscopy, atomic force microscopy, reproducibility experiments, preparation of images, partial 
text preparation.
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4.2.1 Introduction 
 
Thin films of aluminium oxide have found important applications in electronic industry and 
corrosion protection due to their relatively high dielectric constant, ultra-low conductivity as well 
as high corrosion resistance and good thermal and mechanical stability 73. The above properties 
also make aluminium oxide films promising for novel applications in microelectronics. 
Nowadays, thin alumina layers are used as dielectrics in integrated capacitors with ultrahigh 
capacitance density74. Films of Al2O3 are also considered as replacements for SiO2 in 
semiconductor devices75-76.  
The conventional anodisation methods allow to produce alumina films of controlled 
thickness and quality182-184. In some cases, e.g., in production of electrolytic capacitors and anti-
corrosion protection of aluminium and its alloys, anodisation is combined with other oxidation 
methods185-186.  
A new electrochemical technique of powerful pulsed discharge oxidation of metals has 
recently been reported4. In this technique, electrochemical reaction occurs at the metal-
electrolyte interface under the action of single high voltage (> 1 kV) pulses. The most important 
difference of this technique from the conventional galvanostatic and potentiostatic anodisation 
methods is an extremely high rate of the film growth. In principle, owing to plasma-
thermochemical interactions at the electrode/electrolyte interface during a high-voltage electric 
discharge, both pure oxide films and doped ones can be easily produced. The titania films 
prepared using the powerful pulsed discharge oxidation have only been reported so far4. Since 
anodic TiO2 is semiconductor and (undoped) Al2O3 is dielectric, the surface properties of the 
respective films are expectedly different.  
The potential measured on a metal surface is known to be an important characteristic of 
the covering oxide film, since reflects its physical properties113, 117, 187-188. The measured 
potential consist of the contact potential and that induced by embedded charges (induced 
potential). Character of the embedded charge distribution and, as result, the induced permanent 
polarization of anodic alumina films have been found to be affected by anodisation conditions76, 
118-120, 182. In particular, Hickmott has shown 76, 119 that the charge contributing to the polarization 
depends on nature of the anodizing electrolyte. Lambert et al.118 associated a permanent 
polarization of thin anodic alumina layers with the charges trapped by the structural defects 
created during the anodisation process. An electrostatic force microscope and a Kelvin probe 
were applied to measure the potential induced by these embedded charges 118. It was found 
that application of potentiostatic stage to the layers prepared using galvanostatic anodisation 
results in significant increase of their polarization. Scanning Kelvin probe force microscopy 
(SKPFM) has recently been used to study electrical properties of oxidized aluminium surface, 
since changes in Volta potential difference (VPD) measured by SKPFM can be correlated to 
changes in the induced polarization120.  
SKPFM is a promising method to study surface electrical properties107, 189. In comparison 
with the conventional Scanning Kelvin Probe (SKP), it combines capabilities of both SKP and 
atomic force microscopy and provides much higher resolution when mapping the local electrical 
properties of a surface. The Kelvin probe methods are based on measurement of VPD between 
a surface and a reference electrode. In the SKPFM technique, VPD corresponds to the voltage 
that nulls the oscillations of the cantilever, while in SKP method it is equal to the voltage applied 
to null inducted currents between electrode and surface 113-114. It was shown115, 117, 190 that the 
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VPD distribution observed in some metals correlates with their corrosion potential. Thus, in spite 
of some restrictions of the technique related to impact of topography, probe-surface interactions 
and others113, 188, SKPFM is a valuable tool for nano-scale surface studies.  
In the present work, thin oxide films on aluminium surface were prepared by the powerful 
pulsed discharge anodisation. Peculiarities of the pulsed discharge process and their impact on 
the growth and the resulting properties of the alumina films were considered. Morphology and 
VPD of the films were characterized using transmission electron microscopy (TEM) and SKPFM 
facilities respectively. VPD measured as a function of the film thickness was analyzed in 
comparison with the ’VPD-thickness’ dependences previously reported for the alumina films 
prepared using the conventional galvanostatic and potentiostatic methods.  
 
4.2.2 Experimental 
 
The electrochemical cell used for the pulsed discharge oxidation of aluminium was made 
of high-impact polystyrene and consisted of a plate Al anode (Goodfellow, 99.999%) with a 
working surface of 5 cm2 placed inside a cylindrical Ti-foil cathode (Alfa Aesar, 99.7%) with 20 
times larger surface area. Titanium was chosen as a cathode material due to its high strength 
and chemical stability. Both electrodes were mechanically polished using emery papers up to 
grid 4000. Then the titanium electrode was chemically polished in a HF:HNO3 (1:3 by volume) 
mixture, while aluminium plate was electrochemically polished in a C2H5OH:HClO4 (4:1 by 
volume) electrolyte in potentiostatic regime at 20 V to mirror finish. After polishing both 
electrodes were rinsed with deionised water.  
0.1 M ammonium pentaborate ((NH4)2B10O16) aqueous solution was used as electrolyte 
for comparison reasons since alumina films prepared by the conventional anodisation methods 
in that electrolyte are well-studied. Electric discharges between the electrodes were generated 
using a low-inductivity 100 μF capacitor bank charged to a definite voltage (1400 V). The 
capacitor was commutated to the cell using a low-inertial relay triggered by a synchronizing 
pulse. In order to prepare the films with different thicknesses the capacitor was discharged 
through the electrochemical cell from 1 to 15 times. Time-current characteristics of discharges 
were recorded using a Tektronix DPO7054 oscilloscope connected to the system and 
synchronized with trigger. 
The electrochemical impedance spectroscopy (EIS) measurements were performed 
using a Gamry FAS2 Femtostat with a PCI4 Controller in a frequency range from 105 to 10-3 Hz 
with 7 points per decade. The measurements were carried out at room temperature in a 
conventional three-electrode cell consisting of a mercury – mercurous sulfate reference 
electrode, a platinum foil as the counter electrode and the working electrode with an exposed 
area of 1 cm2. Impedance spectra were recorded applying a 10 mV sinusoidal perturbation at 
the open circuit potential. The cell was placed in a Faraday cage to avoid interferences with 
external electromagnetic fields. The testing electrolyte was 0.1 M ammonium pentaborate. 
Before recording the spectra, the system was allowed to attain a stable open circuit potential. At 
least two samples prepared at the same conditions were tested to ensure reproducibility of the 
results. The impedance plots were fitted using equivalent circuits by means of the Echem 
Analyst software from Gamry Inc.  
Some of the anodized samples were annealed at 300°C for 3 hours followed by 
quenching in air down to room temperature. A heating rate of 5°C/min was applied. SKPFM 
measurements were performed on all the samples both before and after heat treatment.  
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TEM study was carried out using a Hitachi H9000 transmission electron microscope at 
acceleration voltage of 300 kV. Electron transcendent sections of the samples for TEM were cut 
with a Leica Reichert Supernova ultramicrotome. 
Digital Instruments Nanoscope III atomic force microscope with conductive Pt-Cr probes 
(Budget Sensors) was used for SKPFM measurements. The measurements were performed in 
several areas of at least two samples of the same thickness. The obtained VPD values are 
presented versus the Volta potential values measured on Ni as a reference.  
 
 
4.2.3 Results 
 
A series of samples with the pulsed discharge anodic alumina layers was prepared 
applying 1, 2, 3, 5, 10 and 15 pulses. Typical current pulse through the electrochemical cell 
during the discharge oxidation of aluminium is shown in Figure 4.2.1. As opposed to pulsed 
oxidation of titanium 4, no change in the discharge profiles recorded during the first 
microseconds of each pulse is observed: the first and the following discharge peaks are 
essentially similar.  
 
 
 
Figure 4.2.1. Time evolution of the current through aluminium electrode during first 4 μs. 
Inset shows schematically a profile of the pulsed discharge as a whole. Dashed area represents 
the total charge passed through the electrode.  
 
 
Thickness of the alumina films prepared by the pulsed discharge anodisation was 
evaluated from EIS measurements. EIS spectra of the obtained films are shown in Figure 4.2.2. 
All the spectra demonstrate a broad relaxation process described by one time constant. This 
relaxation can be assigned to capacitance of the dielectric oxide films. The spectra were fitted 
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using a simple equivalent circuit with one parallel R-C element for description of oxide film and 
an additional R element connected is series for the electrolyte resistance. High quality fit was 
achieved as seen in Figure 4.2.2. Thickness of the films was calculated using the capacitance 
values derived from the EIS spectra. The dielectric constant value of alumina for the 
calculations was taken to be 9.  
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Figure 4.2.2. (Color online) Bode plots of the oxide films formed on aluminium surface as 
a result of pulsed discharge anodisation; solid lines represent the fitting results. 
 
 
It was found that the thickness (d) of the pulsed discharge films as a function of number 
of applied pulses (N) obeys well an empirical equation:  
0d d N
 ,          (4.2.1) 
where d0 = 16 nm and α= 0.9. A power law is known to describe a constant growth rate 
process: the relative increment Δd/d of the film thickness is proportional (with a factor of 0.9) to 
the relative increase ΔN/N of the number of pulsed discharges.  
The thickness values calculated from the EIS spectra were verified by the TEM 
measurements. Figure 4.2.3 shows the cross sections of the aluminium electrodes anodized by 
application of 3 and 10 discharge pulses. The obtained alumina films were measured to be 
46±2 and 127±2 nm thick, respectively (cf. 45±2 and 125±2 nm found from the EIS data) and 
uniform along the sections. It was also revealed from the TEM study that all the films obtained 
by high-voltage pulsed discharge anodisation (1-15 pulses) are smooth, dense and free of 
microdefects. However, attempts to produce thicker alumina films were failed. The films formed 
by application of 20 and more pulsed discharges demonstrated typical signs of point electrical 
breakdown. In those points, the underlying aluminium surface was also affected. Thus, the 
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maximal thickness of a dense and homogeneous alumina film which can be produced using the 
pulsed discharge anodisation method at the above-described conditions is about 200 nm.  
 
 
Figure 4.2.3. TEM cross sections of the aluminium samples anodized by application of 3 
(a) and 10 (b) discharge pulses.  
 
 
 
Figure 4.2.4 shows typical surface topography and the VPD map of the aluminium 
sample before and after 10 pulsed discharges which correspond to a native alumina layer 
(about 1 nm thick) and an anodic film (~127 nm), respectively. One can see that no visible 
change of topography occurs as a result of the anodisation process, while the average VPD 
increases from about -1.28 V to +6.33 V (hereafter versus a Ni reference). It should be also 
noticed that scatter of the VPD values in the typical SKPFM scans of the alumina films prepared 
by pulsed discharge technique is generally smaller than that observed in the films produced by 
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the conventional anodisation methods120. The above suggests that in spite of the discrete 
character of the deposition methods (layer by layer) the pulsed discharge films have uniform 
properties. Furthermore, it follows from comparison of both surface topography and VPD maps 
of the anodic alumina films prepared by different methods that in the case of the pulsed 
discharge anodisation the resulting film quality is less dependent on initial state of aluminium 
surface. Pulsed discharges evidently smooth out imperfections of the charge distribution caused 
by surface defects.  
 
 
 
a) 
 
 
b) 
 
 
c) 
 
 
d) 
 
 
Figure 4.2.4. Maps of the surface topography (left) and Volta potential difference (right) 
of the aluminium sample before (a, b) and after (c, d) the pulsed discharge anodisation 
procedure (10 pulses applied). 
 
 
Dependence of VPD on thickness of the pulsed discharge films is presented in Figure 
4.2.5. As in the case of the anodic alumina films prepared by the conventional methods, this 
dependence is also described well with a linear function 118, 120. The slope value (ΔV/Δd) 
obtained for the pulsed discharge, 0.059±0.003 V/nm, is slightly higher than those previously 
found for the most polarized films produced by combination of the galvanostatic and 
potentiostatic methods (cf. ~0.052 and 0.055 V/nm reported by Lambert et al. 118 and Yasakau 
et al.120, respectively). However, taking into account a typical data spread of SKFPM 
measurements, all the above-mentioned values ΔV/Δd are equal within the limits of 
experimental error. Thus, the induced polarization of the alumina films prepared by the pulsed 
discharge method is comparable with that observed in the conventional anodic films of the 
same thickness. It can be suggested that despite the apparent differences in the anodisation 
methods their film growth mechanisms and hence the associated effects which result in the 
induced polarization of the films are inherently the same.  
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Figure 4.2.5. Volta potential difference versus thickness of the alumina films prepared by 
pulsed discharge anodisation method before (solid squares) and after (open circles) annealing 
at 300°C. The inset shows magnification of the plot for the thickness range of 1-45 nm. The 
reference levels corresponding to the measured VPD values for the untreated aluminium 
sample and non-anodized sample thermally oxidized at 300°C are indicated.  
 
 
Due to the specificity of oxidation of a metal surface, the layers bordering the interfaces 
are characterized by structure imperfections: vacancies76 and incorporated species (e.g. from 
electrolyte) 118, and thereby are the most defective regions of the oxide film. It has been 
accepted that polarization of an anodic film is caused by charge carriers (mainly by electrons 
and Al ions) trapped by these defects 118, 120. These defects and, accordingly, the embedded 
charges are distributed throughout a film with the maximal charge density near the metal/oxide 
and oxide/air interfaces, as shown in Figure 4.2.6a,c.  
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Figure 4.2.6. Schematic representation of charge distribution in alumina film polarized as 
a result of anodisation: after Nth pulsed discharge (a), during the 1st step of the discharge (in a 
field of ~ 109 V/cm) (b), and after (N+1)th pulsed discharge (c). Provided the same charge is 
embedded, the induced potential is proportional to the film thickness, d. Charge distribution in 
the pulsed discharge films is suggested to be essentially similar to that in the films produced by 
combination of the galvanostatic and potentiostatic methods 120.  
 
 
Annealing of the as-prepared anodic alumina films was shown to lead to a release of 
their induced polarization owing to reduction of the number of defects 109 and the relaxation of 
the charge 191. It has recently been revealed 120 that on annealing, the measured VPD of the 
anodic films tends to the certain (equilibrium) level independent on the film thickness. This level 
is suggested to be the VPD value for an alumina film formed by thermal oxidation in air at the 
given annealing temperature. VPD of the pulsed discharge films annealed at 300°C was found 
to be -0.69±0.07 V (Figure 4.2.5). This value is closer to the equilibrium level (which is around -
0.55 V) measured in non-anodized aluminium sample annealed at 300°C than the respective 
values measured in the conventionally prepared anodic films annealed at the same temperature 
120. As suggested 120, the equilibrium level is not reached due to residual defects (which do not 
disappear after annealing). When the concentration of defects in some anodic film is higher and 
their distribution in is wider, the number of residual defects is also higher. Correspondingly, the 
VPD value of this film after annealing will be further from the equilibrium level at given annealing 
temperature.  
 
4.2.4 Discussion 
 
The presented results demonstrate certain differences in properties between the alumina 
films formed using the pulsed discharge anodisation and the respective anodic films prepared 
by the conventional methods. Their characteristic features are likely to result from specificity of 
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the used anodisation method. Thus the pulsed discharge anodisation process certainly needs to 
be considered in more detail.  
Only 10% of the capacitor charge is consumed during the first microsecond (which 
corresponds to a current fall by more than 90% of the peak value) as follows from an analysis of 
the discharge profile (see inset in Figure 4.2.1). The remaining 90% of charge is used during 
subsequent stage which lasts up to 0.5 s (depending on the thickness of the film). Thus a 
pulsed discharge anodisation process can be conventionally divided into two stages where the 
first one (fast) is about 1 μs long, with the characteristic current magnitude of several kA/cm2. It 
is believed that the main process during the first stage is ionization of an oxide film (either native 
film or that formed by previous oxidation). During the second long stage a new layer grows. In 
comparison to the conventional anodisation processes this growth occurs in much higher 
electrical field and a higher total charge is transferred in unit time. That is why at the pulsed 
discharge anodisation the film growth rate is higher than in the case of any conventional 
method.  
It seems reasonable to suggest that the discharge profile is determined by the electrical 
conduction of a growing anodic oxide film. In particular, the discharge can be expected to 
terminate faster in the case of more conductive layer. Typical duration of the second stage at 
pulsed discharge anodisation of titanium (anodic TiO2 is a semiconductor) was found to be 
several times shorter 4-5 than that observed when preparing the respective anodic alumina 
(which is dielectric). Thus during the second stage the pulsed discharge alumina film is likely to 
have a significant impedance, which suggests a low concentration of the point defects and the 
trapped charge carriers in at least the inner part of the film.  
No boundary between the layers formed by subsequent pulsed discharges has been 
observed by TEM (Figure 4.2.3). The films were found to be homogeneous regardless whether 
they were obtained by application of one or a number of pulses. The respective EIS spectra 
characterized by one time constant (Figure 4.2.2) confirms uniformity of the properties across 
the coating suggesting no separation to internal sub-layers. Thus the ‘prehistory’ (amount of the 
previous pulsed discharges which is equal to the number of the deposited layers) seems to be 
inessential (Figure 4.2.6) when the film thickness is below the maximal value (~200 nm),.  
This effect can be explained in terms of full ionization of the oxide films under conditions 
of high electrical potentials. The full ionization of the aluminium oxide can occur if   the density 
of the electrostatic energy is higher or at least equal to the ionization energy of the oxide. The 
density of the electrostatic energy (UE) in a film can be calculated using the following 
expression:  
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    (4.2.2) 
where E is the electric field strength, V is an applied voltage, d is the film thickness, ε is the 
dielectric constant of the film, ε0 is the permittivity of the free space. The capacitor voltage and 
the dielectric constant of alumina mentioned previously in the text were used as the values of V 
and ε in the calculations.  
The UE value found from Eq. (2) was compared with the value of ionization energy (per a 
volume unit) in the form of  
A tN W
M

,       (4.2.3) 
where ρ (2.8-3.0 g/cm3 192) and Wt (1.5 eV 193) are density and (molecular) thermal ionization 
energy of amorphous alumina, respectively; M is molar weight of Al2O3, NA is Avogadro’s 
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number. According to the estimations, when the film thickness does not exceed the value of an 
order of 102 nm, the energy of electrostatic field in the first stage of pulsed discharge is enough 
to ionize the film over the whole volume (Figure 4.2.6b) supporting the assumption on the 
mechanism of the film growth during the first stage. At this stage of the pulsed discharge 
anodisation the existing defects and polarization do not matter since new defects are to be 
formed over again and consequently the respective polarization to be induced during the 
second longer stage.  
A pulsed discharge film of about 200 nm thick represents already a substantial insulator. 
High-voltage discharge breaks down this insulator creating weakened paths within. This action 
destroys the film and makes further growth impossible.  
The potential induced in an oxide film and registered by SKPFM is a function of both the 
total embedded charge and its distribution profile 120. Provided the same charge is embedded, 
the bigger spacing is between positive and negative charges (i.e., the narrower the charge 
distribution profile and/or the thicker the film (cf. Figure 4.2.6a and 4.2.6c), the larger the 
respective induced polarization.  
The VPD values measured in as-prepared pulsed discharge films are comparable with 
that of the films of the same thickness obtained by the conventional anodisation methods. At the 
same time, the VPD value of the annealed pulsed discharge films is closer to the equilibrium 
level than that of the conventionally anodized ones. This fact suggests that a smaller amount of 
the embedded charges located in narrower defect layers bordering the film interfaces 
contributes to the measured potential of discharge films. Thus the pulsed discharge films are 
less defective in their inner layers than the respective alumina films produced by the 
conventional anodisation methods.  
 
4.2.5 Conclusions 
 
A novel powerful pulsed discharge oxidation method allows to produce homogeneous 
low-defect anodic films up to ~200 nm thick on an aluminium surface. The thickness values 
estimated by independent methods (EIS and TEM) were found to be in excellent agreement 
which suggests a good homogeneity of these films.  
A pulsed discharge anodisation process can be conventionally divided into two stages: 
ionization and growth of a film. Ionization of the film over the whole volume during the first 
microsecond of the process is essential feature of the pulsed discharge anodisation as it causes 
fast film growths and homogeneity. The film thickness can be controlled during the anodisation 
process since this parameter is a power function of the number of applied pulses with a scaling 
exponent 0.9.  
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4.3 Titania films obtained by powerful pulsed discharge oxidation in 
phosphoric acid electrolytes. 
 
 
Contribution to this paper: 
Conception of the work, preparation of all samples, fitting of the obtained data, electron 
microscopy, atomic force microscopy, reproducibility experiments, preparation of images, text 
preparation. 
 
4.3.1 Introduction 
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Titanium and its alloys are materials widely used in many industrial applications such as 
aerospace and automotive industries, as well as in medicine due to their high corrosion 
resistance, hardness, high melting point and biomedical capability129, 194-197 . Titanium dioxide 
film which forms spontaneously on the metal surface brings high resistance against corrosion 
although is very thin (about 3-5nm) 197. However additional surface modifications, such as 
injection of dopants, increasing the dense oxide layer thickness, forming porous layers are often 
needed to meet requirements of particular applications. Anodisation of titanium is an attractive 
method that can be used for surface modification giving additional corrosion resistance, higher 
affinity to biological tissues, and advanced electronic properties when compared to the native 
thin oxide films152, 198-199. The anodic films formed on Ti surface can have various morphologies 
from dense barrier layers to porous deposits composed by separated nanotubes200-201. 
Titanium anodisation can be performed in different electrolytes including mineral acids. 
There are a number of publications, where anodisation has been carried out in phosphoric 
acid135, 202. The corrosive attack of phosphoric acid to titanium and its alloys is relatively mild 
probably due to the adsorption of phosphate ions on the surface of the native metal oxide 4-5, 127. 
Incorporation of phosphate ions in titanium oxide can result not only in an increase of corrosion 
stability in biological environment, but also in improved compatibility with biological tissues.  
Recently a new electrochemical technique, namely powerful pulsed discharge oxidation 
(PPDO) of metals, has been suggested5, 127. In this technique, electrochemical reaction occurs 
at the metal-electrolyte interface under the action of single high-voltage (> 1 kV) pulses. Growth 
of the film under these conditions occurs at much higher rates than in the case of conventional 
galvanostatic or potentiostatic methods5, 127. This results in the formation of oxide films with 
properties different of those obtained by conventional approaches. For example the anodic films 
prepared by the pulsed discharge method on Ti in sulfuric acid electrolytes are constituted by a 
single uniform dense amorphous oxide, while films of the same thickness prepared by the 
conventional galvanostatic method present more complex structure consisting of two layers: an 
inner crystalline and an outer amorphous one.  
Powerful pulsed discharge method was also used to produce anodic films on the 
aluminium substrate. The main difference of the anodisation processes that occurring on these 
two metals originates from different electronic properties of the respective oxides. The oxide 
prepared on aluminium shows well pronounced dielectric properties, while the titania 
demonstrates typical semiconductor properties. In the case of aluminium the structure of the 
anodic films prepared by both the pulsed discharge technique and by the 
galvanostatic/potentiostatic method is rather similar. However PPDO films are less dependent 
on the starting metal surface conditions and show very uniform dielectric properties as 
demonstrated by the even distribution of Volta potential along the entire surface 127. In this work 
a new two-stage mechanism of film growth under powerful discharge was also suggested. The 
full ionization of entire anodic film occurs in a first step during a few microseconds followed by a 
slower anodic Faradaic process of film formation. The fact that the entire film is fully ionized 
during the first step leads to vanishing out the difference between different zones on the surface 
and confers creation of a very uniform layer. 
However some mechanistic details of the processes which occurring on Ti during the 
anodisation pulse and the main factors affecting the process are not clear yet. In the present 
paper the titania anodic films on titanium were prepared by the powerful pulsed discharge 
method in phosphoric acid solutions with different concentration. A set of electrochemical 
methods was used to clarify the effect of electrolyte concentration on the kinetics of anodisation 
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processes and on the electronic properties of the obtained film. This information is important for 
optimization of the PPDO method helping to predict the influence of the electrolyte and other 
experimental conditions on the final properties of the obtained films. 
 
4.3.2 Experimental 
 
The electrochemical cell used for the pulsed discharge oxidation of titanium was made of 
high-impact polystyrene and consisted of a Ti anode plate (Goodfellow, 99.999%, dimensions: 
100x80x1 mm) with a working surface of 4.4 cm2 placed inside a cylindrical Ti cathode (Alfa 
Aesar, 99.7%) with about 20 times larger surface area. Titanium was chosen as a cathode 
material due to its high strength and chemical stability. Both electrodes were mechanically 
polished using abrasive papers up to grid 4000. Then the titanium electrodes were chemically 
polished in a HF:HNO3 (1:3 by volume) mixture to mirror finish and finally rinsed with deionised 
water.  
The anodisation of titanium in phosphoric acid electrolytes with different concentrations 
(1, 2 and 4M) was performed. Electric discharges between the electrodes were generated using 
a low-inductance 100 μF capacitor bank, charged to a definite voltage (1400 V). The capacitor 
was commutated to the cell using a low-inertial relay triggered by a synchronizing pulse. In 
order to prepare films with different thicknesses, the capacitor was discharged through the 
electrochemical cell between 1 to 5 times. The thickness of the films was found to be a near 
linear function of the number of pulses with increment of 25 nm/pulse. Time-current responses 
of discharges were recorded using a Tektronix DPO7054 oscilloscope connected to the system 
and synchronized with trigger. 
The electrochemical impedance spectroscopy (EIS) measurements were performed 
using a Gamry FAS2 Femtostat with a PCI4 Controller in a frequency range from 105 to 10-3 Hz 
with 7 points per decade. The measurements were carried out at room temperature in a 
conventional three-electrode cell consisting of a mercury–mercurous sulphate reference 
electrode, a platinum foil as a counter electrode and the working electrode with an exposed 
area of 1 cm2. Impedance spectra were recorded applying a 10 mV (RMS) sinusoidal 
perturbation at an open circuit potential. The cell was placed in a Faraday cage to avoid 
interferences with external electromagnetic fields. The electrolyte used for EIS measurements 
was 0.1 M acetic buffer solution (pH=6.03). Before recording the spectra, the system was 
allowed to attain a stable open circuit potential. At least two samples prepared in the same 
conditions were tested to ensure reproducibility of the results. The impedance plots were fitted 
using equivalent circuits by means of the Elchem Analyst software from Gamry Inc.  
In the photoelectrochemical study the working electrode was illuminated through a quartz 
window with monochromatic light (beam area 0.12 cm2). The optical instrumentation consisted 
of a 150 W Xe lamp (Oriel 6254), a 250 mm f18 monochromator (Oriel 77200), a stepper motor 
to control the wavelength and a mechanical chopper. The photocurrent was obtained by 
connecting the current output of the potentiostat (EG&G 273) to a lock-in amplifier (Brookdeal 
EG&G 5210) and recording the voltage output due to the signal at 19 Hz (the chopping 
frequency). The recorded values were then worked out to calculate the photocurrent and the 
quantum efficiency values using a spreadsheet software package. 
TEM studies  carried out using a Hitachi H9000 transmission electron microscope at an 
acceleration voltage of 300 kV. Electron transparent sections of the samples for TEM were cut 
with a Leica Reichert Supernova ultramicrotome. The main problem during preparation of the 
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titania samples was low stability of the oxide layer under high energy beams (especially ion 
milling). The high energy can lead to recrystallization of titania and misleading results. Taking 
into account that crystallization is an important part of this work, ultramicrotomy was chosen 
since it does not induce change in the crystallinity of the oxides. However titanium is known to 
react with the material of a diamond knife leading causing its degradation. To reduce the 
damaged area of the knife, small bars of the metal with oxide (less than 1x0.05x0.05 mm) were 
cut from the electrodes and embedded into resin. Then the typical procedures of trimming were 
performed resulting in locating the sample bar in the middle of the pyramid perpendicularly to 
the cutting-off side. Finally sectioning with diamond knife was performed. The sample thickness 
was about 15-20 nm. 
Digital Instruments Nanoscope III atomic force microscope with conductive Pt-Cr probes 
(Budget Sensors) was used for SKPFM measurements. The measurements were performed in 
several areas in at least two samples with identical oxide thickness. The obtained Volta 
potential difference (VPD) values are presented versus the Volta potential values measured on 
a pure Ni as a reference.  
 
4.3.3 TEM characterization 
 
 
 
Figure 4.3.1: Cross-section TEM image of the anodic film on titanium prepared by high 
voltage method in 1M H3PO4 after 5 discharges (thickness of the film is about 120 nm). 
 
 
 
Figure 4.3.1 shows a cross-section TEM image of titanium oxide film prepared by the 
high voltage pulse oxidation method in solution of 1M phosphoric acid on the titanium substrate. 
After 5 pulses a uniform oxide film with a thickness about of 120 nm is formed. Neither 
crystallites nor different layers can be observed in this film. The structure of the obtained film is 
similar to the one produced in sulphuric acid electrolyte as reported elsewhere5.  
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4.3.4 Mott- Schottky analysis and photocurrent measurements. 
 
Impedance measurements provide essential information about physical properties of 
oxide films measuring the electrochemical response in a wide frequency range. In the case of 
semiconductive surfaces the responses of the space charge region and the capacitance of bulk 
oxide can result in appearance of respective relaxation processes on the spectra5. However 
these time constants are often overlapped and cannot be easily discriminated. Application of 
external polarization can help to separate response from capacitance of space charge region 
since only this component is influenced by the applied electrical field. Thus acquisition of 
impedance spectra under electrical polarisation on the semiconductive electrode in this method 
can help to define the frequency ranges, corresponding to the different regions of the film 
(space charge region (SCR) and bulk oxide). In this way the capacitance of SCR can be 
accurately estimated and used for Mott-Schottky analysis to estimate electronic properties of 
the formed oxide layers. This approach accounts for the shifts of corresponding time constant in 
frequency domain conferring more adequate estimation of capacitance value when compared to 
conventional single frequency measurements.  
A constant phase element (CPE) instead of a capacitor was used in all fittings presented 
in the work. Such modification is needed when the phase angle of the capacitor is different from 
-90 degrees. The impedance of the CPE, ZCPE, depends on frequency, ω, according to the 
following equation:  
  1[ ]
n
CPEZ Q j

,      (4.3.1) 
where Q is a parameter numerically equal to the admittance (|Z|-1) at ω= 1 rad s-1 and n ≤ 
1 is a power coefficient calculated as ratio of the maximum phase angle of the corresponding 
time constant to -90 degrees. The detailed description of the fitting on a similar system was 
previously discussed5. 
The impedance spectra of the titania film with two different thicknesses and obtained 
under different polarization values are presented in fig. 4.3.2. The frequency range 10-2-100 Hz 
corresponds to one time constant which can be interpreted as the space charge region (SCR) of 
the semiconductor film. The second time constant appears at frequencies 101-103Hz, describing 
the bulk part of the film.  The high-frequency range of the spectra is not changed significantly 
under polarization, showing that single frequency measurements (which are usually performed 
at 103 Hz for Mott- Schottky analysis) cannot be directly related to semiconductive properties of 
the film. This fact is especially noticeable on the sample with 120 nm thickness (Fig. 4.3.2b).  
At the first impression the EIS spectra of the 70 nm thick film seem to be composed by 
only one time constant. However detailed analysis of the spectra reveals an asymmetry in the 
phase angle plot which can be interpreted as the presence of a second relaxation process. The 
reason why this response is not well defined is that the space charge region in this case 
occupies almost all volume of the film  leaving only a thin layer of bulk titania with a low 
resistance and a capacitance significantly higher than that of the SCR layer. In this situation the 
response of the bulk film is almost fully overlapping with the dominating low-frequency time 
constant. Fitting of these spectra (Fig. 4.3.3b) with two time constants model (Fig. 4.3.3a) 
results in a rather accurate estimation of R-C parameters for space charge (error is less than 
10%). It is worth to notice that the fitting with one time constant equivalent circuit model gives a 
lower accuracy (error about 15-20%). 
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Figure 4.3.2: EIS spectra of TiO2 films prepared in 2M H3PO4 solution recorded at 
different polarizations (from +0.8V to -0.4V vs. Hg/HgSO4 reference electrode with step 0.2V) 
with thicknesses of the oxide films 70nm (a) and 120 nm (b). 
 
 
The second time constant is better defined in the region from 10 Hz to 1000 Hz in the 
case of thicker films (Fig. 4.3.2b). The reason for this is that for thicker films the contribution of 
the bulk part of the coating becomes more important, resulting in a well-separated response. 
Fitting with two time constant model (Fig 4.3.3a) gives relatively good results (Table 4.3.1, Fig. 
4.3.3c) while use of one RC equivalent circuit can be considered as unjustifiable 
oversimplification in this case. Calculation of the capacitance from the constant phase element 
was previously described 5. 
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Figure 4.3.3: Fitting model (a) and fitting results of 70 nm (b) and 120 nm (c) titanium oxide 
films under -0.2V polarization. 
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Table 4.3.1. Equivalent circuit parameters and respective errors (in %) obtained for fitting the 
impedance spectra of 120 nm thick film (Fig. 4.3.3c) polarized at different potentials. nsc and nb 
are the power coefficients for the constant phase elements of SCR and bulk layer, respectively. 
 
Applied 
potential 
(V) 
Rsol 
(Ohm cm2) 
Rsc ×10-7 
(Ohm cm2) 
CPEsc ×106 
(S sn cm-2) 
nsc Rb ×10-6 
(Ohm cm2) 
CPEb×103 
(S sn cm-2) 
nb 
-0.2 24±1.4% 6.2 ±2.7% 6.2 ±0.51% 0.93 ±0.14% 3.6 ±7.4% 1.1 ±8.1% 0.92 ±1.1% 
0 24 ±1.8% 18 ±2.9% 4.9 ±0.44% 0.94 ±0.22% 4.1 ±8.9% 1.5 ±9.0% 0.93 ±6.1% 
0.6 25 ±1.9% 58 ±2.9% 4.6 ±0.45% 0.95 ±0.91% 2.9 ±8.8% 3.8 ±8.9% 1.0 ±14%* 
 
*High value of error was obtained due to the limitation of the n. Maximum value of CPE 
exponent is 1, so higher values have no physical meaning. 
 
 
The SCR capacitance for all studied samples at different potentials was calculated and 
used for the constructing Mott- Schottky analysis (Fig. 4.3.4). A correction for the Helmholtz 
layer and bulk region capacitance is not required in this situation, since fitting gives values of 
pure capacity of the space charge region. The obtained Mott-Schottky plots are typical for such 
systems and a linear part of the plots was used for calculation the ionized donor concentration.  
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Figure 4.3.4: Mott-Schottky plots calculated from the SCR capacitance on titania films 
(with thickness 70 nm (a) and 120 nm (b)) obtained in electrolytes with different concentrations. 
 
 
Figure 4.3.5a shows the dependence of the calculated ionized donor concentration on 
the film parameters. The Nd increasing with the film thickness and with the electrolyte 
concentration. This can be explained by the fact that the increase of electrolyte concentration 
leads to a higher density of electron traps.  
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Figure 4.3.5: Ionized donor concentration, Nd (a), and photocurrent spectra (b) of TiO2 
films prepared in H3PO4 solutions with different concentrations. 
 
 
 
The photocurrent spectroscopy can be used as a complementary tool to characterize the 
obtained films for better understanding of their electronic structure. In the present work a 
qualitative analysis of the photocurrent response obtained from the electrodes 120 nm thick in 
the H3PO4 electrolytes with different concentrations are presented in Fig. 4.3.5b. The general 
observed trend shows a decrease in the photocurrent with increasing the electrolyte 
concentration. Taking into account that phosphor creates electron traps in titanium oxide, the 
drop of photocurrent response with H3PO4 concentration increment seems to be consistent (Fig. 
4.3.5b). Higher concentration of phosphors should exist in the film grown in the more 
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concentrated electrolytes, thus a higher number of electron traps are formed in the film. It is also 
important to notice that the titania films prepared by PPDO in phosphoric acid have a lower 
photoresponse in comparison to those prepared in sulfuric acid5. 
 
4.3.5 Volta potential measurements. 
 
 
 
Figure 4.3.6: Topology (top) and measured potential distribution (bottom) on titania films 
with thickness 95 nm prepared by pulsed discharge anodisation in phosphoric acid electrolytes 
with different concentrations ( 1M (a), 2M (b) and 4M (c)). 
 
Scanning Kelvin probe force microscopy (SKPFM) was used as an effective method for 
studying the electrical properties of the films. It was previously shown127, that PPDO anodizing 
of aluminium results in a more smooth Volta potential map in comparison to conventional 
methods of anodisation. Figure 4.3.6 shows the topography and surface potential maps of the 
titania films with a thickness of 95 nm (4 pulses) prepared in H3PO4 solutions of different 
concentrations. The titania films prepared by PPDO demonstrate a very smooth Volta potential 
distribution (VPD) on the oxide surface similarly to the alumina. It is worth to notice that different 
topology effects, such as grain boundaries and cavities originating from the polishing procedure 
have almost no influence on the VPD. Furthermore, the Volta potential distribution becomes 
smoother when electrolyte concentration increases. Thus, for the sample prepared in solution of 
1M phosphoric acid, fluctuation of the VPD is ±1.5 mV, while on the sample prepared in 4 M 
solution, the average deviation is even lower.  
Figure 4.3.7 demonstrates the evolution of the average Volta potential values for 1M, 2M 
and 4M electrolytes with the increment of the oxide thickness. The observed growth of surface 
potential on titania is not linear in contrast to the results obtained on aluminium127. This non-
linearity can be explained by the semiconductive nature of the titania film, where surface 
charges can spread into volume of the film much more easily than on an insulator film like 
alumina, avoiding high charging of the film surface.  
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Figure 4.3.7: Volta potential measured on the titanium oxide films prepared by PPDO 
method in H3PO4 solutions with different concentrations.  
 
 
The shift of the VPD values to higher potentials for higher electrolyte concentration can 
be explained as a result of better charge separation originated from lower electrical conductivity 
of the films, prepared in more concentrated solutions. However, it was not possible to obtain 
oxide films on titanium, with Volta potential higher than 0.30mV vs. Ni. Possible explanation of 
this fact can be that in semiconductive films a certain maximal charge can be achieved. Further 
charging is impossible because the stable charge separation is limited by the recombination 
processes. A similar effect was observed on aluminium samples, where after heat treatment the 
potential was also established at certain limit because of temperature-induced recombination127. 
The titania film does not need thermal activation for the charge recombination since mobility of 
charge carriers in the semiconductive film at room temperature is already sufficient. In contrast 
to the alumina films, it is also not possible to use the slope of the VPD vs. thickness plot for the 
characterisation of the film electronic properties. However, values of the Volta potential for the 
same thickness can be used to compare films obtained in electrolytes with different 
concentrations. Thus, for all studied systems the VPD increases with the electrolyte 
concentration until the plateau is reached. The influence of the dopant type, its concentration 
and film preparation conditions on the Volta potential still needs to be further investigated. 
 
4.3.6 Discussion of the oxidation processes 
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In previous work 127the mechanistic details of discharge on Al surface were investigated 
and growth model was proposed. In this section effect of the electrolyte concentration on the 
kinetics and mechanism of pulsed anodic film formation on Ti is discussed.  
The pulsed discharge anodisation process on aluminium can be conventionally divided 
into two stages where the first one (short) is about 1μs long, with the characteristic current 
magnitude of several kA127. It has been proposed 127 that ionization of an oxide film (either 
native film or formed by previous oxidation) is the main process during the first stage. In pulse 
discharge under action of high field, the resistive oxide film fully ionizes giving plasma. During 
the second (long) stage the growth of a new part of the layer occurs due to migration of ions 
inside the plasma or destabilized film. In comparison to the conventional anodisation processes 
the oxide growth occurs in much higher electrical field and a higher total charge is transferred in 
an unit time leading to a higher film growth rate during the pulsed discharge anodisation in 
comparison to the conventional method. Opposite to aluminium, in the titanium case there is no 
sharp distinction between the two stages (Fig. 4.3.8) and the border is blurred.  
As shown above, the amount of defect centres in the film rise with increment of the 
electrolyte concentration. However, in the beginning of discharge, these dopant atoms can play 
a role of ionization centres, resulting in a higher ionization degree on the first stage. In the 
second stage these dopants increase of the film growth speed as they play a role of charge 
carriers rising mobility of ions in the destabilized film. As a result higher values of instantaneous 
current in the second stage are observed. Thus the main factor, which play role in pulse 
duration, is the concentration of dopant atoms in the oxide film.   
In the first period of discharge, which corresponds to the oxide ionization, the difference 
between current profiles obtained in different electrolytes can be seen in Fig. 4.3.8. The highest 
current is observed for the electrode in 4M solution of H3PO4. In the second period, which 
corresponds to the ion migration and film growth, differences also can be also seen. After 50 μs 
the current between electrodes in the solution of 4M H3PO4 drops almost to zero, while in the 
solution of 2M it still has a value around 40A and in 1M phosphoric acid it is almost 50 A. 
The lower currents at the beginning of discharge are observed for the anodic films grown 
in 1M phosphoric acid since the amount of defects in these films is lower in comparison to more 
concentrated electrolytes giving lower currents at the beginning of discharge. The first stage is 
better defined in this case being close to the situation obtained on aluminium. , The ion 
transport also occurs with lower speed due to the low amount of the defects increasing duration 
of the second stage. In the case of current profile obtained in 4M solution, higher concentration 
of the defects results in higher currents in the first stage and also higher speed of film growth on 
the second one. These factors bring to superposition of both stages, so it is almost impossible 
to determine a border between two parts of the profile. In the other two electrolytes the effect of 
two phases superposition is not so evident. 
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Figure 4.3.8: Influence of the concentration of H3PO4 on the current profiles during pulse 
oxidation. 
 
 
It is known that solution conductivity becomes higher with increasing the phosphoric acid 
concentration.  Taking into account that the current after the first stage is lower for the solutions 
with higher conductivity, we can consider that the solution conductivity doesn’t play a main role 
in the discharge process.  
 
4.3.7 Conclusions 
 
Powerful Pulsed Discharge Oxidation (PPDO) is a novel method of thin film preparation, 
which allows producing oxide films with tailored properties, quite different of those obtained by 
other conventional methods. Higher number of defects concentration in the film with increased 
of phosphoric acid concentration in electrolyte was confirmed by non-direct results, obtained 
from several complementary methods (Mott- Schottky analysis, photocurrent spectroscopy, 
SKPFM). 
SKPFM studies show uniformity of charge distribution on the films prepared by PPDO. In 
contrast to the results obtained on aluminium, it was observed that the dependence of Volta 
potential on the film thickness is not linear, which can be explained by the semiconductive 
nature of the titanium oxide. 
Studies of the time evolution of current on titanium electrodes in phosphoric acid 
solutions with different concentrations show that the shape of the current profile does not 
depend on the electrolyte conductivity. The main role in the discharge profile is played by the 
dopant concentration in the oxide film. Oxides with lower concentration of dopants have well 
defined stages of ionization and film growth, while in the case of films with a higher dopant  
concentration, the two stages merge. The growth of the oxide also occurs with a higher rate for 
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the films with a higher concentration of dopants. Thus varying the concentration of electrolyte 
the electronic properties of resulting titatnia films and the kinetics of their growth can be tuned 
for specific applications.  
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4.4 Aluminium anodisation in deionised water as electrolyte 
 
 
Contribution to this paper: 
Conception of the work, preparation of all samples, fitting of the obtained data, electron 
microscopy, atomic force microscopy, reproducibility experiments, preparation of images, text 
preparation. 
 
4.4.1 Introduction 
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Anodizing treatment is widely used on aluminium and its alloys in industrial practice to 
enhance surface performance (corrosion resistance, hardness and wear resistance) and to 
modify physical and chemical properties of the metal surface 24, 73.  Anodisation is a convenient 
and important method of oxide film formation owing to low cost, flexibility and easiness 2, 30, 58, 
184, 203. There are several anodisation processes that are currently used: conventional anodic 
oxidation (potentiostatic or galvanostatic) and plasma electrolytic oxidation (PEO) 2, 30, 58, 
203_ENREF_7. The conventional anodisation is well studied and allows growing oxide films of 
controlled thickness and quality 2, 203.  The films can be partially hydrated 2, 203. The other 
method, PEO, which utilizes potentials above the breakdown voltage of the oxide film growing 
on the anode surface, makes possible to prepare well adherent, hard, ceramic-like coatings 30, 
58.  Both methods are currently applied in industry although they are still under investigation. 
One of the problems, which appears when studying the anodic oxides, is related to the 
impossibility of preparing a pure oxide film without foreign atoms apart metal atoms of the 
substrate, oxygen and hydrogen atoms. In all electrolytes used for anodisation, different ionic 
species are added to increase the conductivity of solution and the foreign atoms are trapped 
into the growing oxide 128. According to the literature, the concentration of the foreign atoms 
during anodic oxidation usually does not exceed 1% 204, however, impact of them on anodic film 
parameters, such as concentration of ionized donors, conductivity and photosensitivity, is 
significant. It was shown that the electrolyte concentration used for anodisation influences the 
dopant content in the oxide 128 and even small amount of ionic species in solution results in 
changes of the film properties. Thus, in order to have a reference point for further research it is 
important to obtain an oxide film with minimal influence of foreign atoms. One of the electrolytes 
that can help to decrease the amount of entrapped foreign atoms in the oxide is anodisation in 
hydroxide solutions. Although the concentration of extraneous elements is lower than the 
elements entrapped from the conventional electrolytes (such as ammonium pentaborate),  even 
in this case foreign cations will be entrapped to the bulk of the film. Of course, impurity-free 
oxide on the metal surface can be prepared by other methods, such as oxidation in oxygen 
atmosphere at high temperature 73 or in boiling water 115, but the properties of the obtained films 
will be different of those prepared by electrochemical oxidation. This motivates the present work 
where only deionised water was used as an electrolyte. 
The properties of the films obtained in the present work were studied by scanning (SEM) 
and transmission electron microscopies (TEM), electrochemical impedance spectroscopy (EIS) 
and scanning Kelvin probe force microscopy (SKPFM). SKPFM allows simultaneous mapping of 
topography and Volta potential distribution on passive surfaces in air 107, 189. The Kelvin probe 
methods are based on measurement of Volta potential difference (VPD) between a surface and 
a reference electrode. Several factors can influence the Volta potential measurements, i.e. 
composition and structure of the oxide film covering the aluminium surface and intermetallics, 
tip–sample distance and adsorption of different molecules at the surface. Previously it was 
shown 115, 190 that the VPD distribution observed on some metal surfaces correlates, for 
example, with their corrosion properties.  
The main aim of the present work is to demonstrate the possibility of preparing impurity-
free anodic oxide films on valve metals, particularly aluminium, by high-voltage anodisation in 
deionised water. The current paper is the first part of a research focused on the preparation of 
impurity-free oxides by electrochemical methods.  
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4.4.2 Experimental 
 
The electrochemical cell used for anodisation consisted of an aluminium (Alfa Aesar, 
99.999%) anode with a working surface of 4 cm2 and Ti cathode (Alfa Aesar, 99.7%) with about 
20 times larger surface area. Titanium was chosen as a cathode material due to its high 
mechanical strength and chemical inertness. The electrodes were abraded using abrasive 
papers up to grit 4000. Then the Ti electrode was chemically polished in a HF:HNO3 (1:3 by 
volume) mixture. Aluminium was electrochemically polished in C2H5OH:HClO4 (4:1 by volume) 
electrolyte in potentiostatic regime at 20 V to a mirror finish. After polishing, both electrodes 
were thoroughly rinsed with deionised water.  
Deionised water (18×106 Ω∙cm) prepared from distilled water was used as an electrolyte 
for Al anodisation. Preparation of the oxide film on Al was performed by two different ways: 
potentiostatic and high-voltage discharge methods. In the former, a constant voltage in the 
range from 1000 to 2000 V with 200 V step was applied to the electrodes using a Matsusada 
AU-3P400 high voltage power supply, and anodisation was performed for different time 
intervals. The discharge method was another technique, in which a low-inductance 100-μF 
capacitor bank, with a measured internal resistance of  2.2×103 Ω, charged to the same 
voltages as in the potentiostatic mode, was then discharged to the cell. In order to prepare films 
with different thicknesses, the capacitor was discharged sequentially through the 
electrochemical cell between 1 and 30 times to the residual voltage of 100V. The length of 
discharge varied in the range of 200-350 s depending on the film thickness. The thickness of 
the oxide film was controlled by two parameters: initial voltage and number of discharges. In 
both methods, the resistance of the electrolyte plays a very important role. During anodisation, 
the resistance of deionised water decreases from 8×105 Ω to 1×105 Ω, which could affect 
significantly the process. The electrolyte was replaced by fresh portions and all electrodes were 
carefully rinsed with deionised water after each two discharges or if the resistance of the water 
in the electrochemical cell, measured at the frequency of 1000 Hz, became lower than 6×105 Ω. 
To compare the properties of the obtained anodic oxides, anodisation of Al was also performed 
in galvanostatic mode at a current density of 10 mA/cm2 followed by potentiostatic anodisation 
in a 0.1 M ammonium pentaborate ((NH4)2B10O16) aqueous solution.  
Determination of the potential distribution in the electrolyte plays an important role for this 
work. Theoretically, the potential drop can be estimated by dividing the applied potential by the 
distance between electrodes, but several parameters, such as potential drop on the electrode 
surfaces, edge effects and nonuniformity of the electrolyte will result in significant error. A better 
way is the measurement of the potential between the counter electrode and a neutral point in 
the electrolyte. In this case it is possible to determine non-uniformities of the electrolyte 
conductivity and avoid errors connected with processes on the electrode (the current between 
the counter electrode and tip is negligible). However, in this case the geometry plays a role (flat 
electrode vs. point tip), thus modelling and calculations become difficult. To avoid this problem 
two electrodes with platinum tips (10 µm in diameter) were placed in the electrolyte bulk 
between the cathode and the anode. In this case the geometry is not relevant (point tip vs. point 
tip). The distance between tips can be varied, and they can be placed in different parts of the 
electrolyte bulk to determine the field distribution. To determine the potential at the electrode 
surface, E, the cell geometry was taken as two parallel electrodes in high-resistance electrolyte. 
Over the main part of the surface the potential distribution is uniform. Due to the high resistivity 
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of the electrolyte, the influence of the volume and distance to the walls of the cell can be 
ignored. 
In highly resistive electrolytes, like deionised water, the anodic film thickness cannot be 
estimated by the applied voltage or by the charge passed through the cell during the discharge 
as in the case of the traditional anodisation. Electrochemical impedance spectroscopy (EIS) is 
an effective tool to estimate the thickness of oxide films as well as to obtain information about 
their structure, for example, crystallinity and defects. In the present work, the thickness of the 
alumina films was evaluated using EIS measurements and confirmed by TEM. For the sake of 
comparison, thickness of the oxide was also estimated for the discharge-prepared films from the 
voltage vs time plots. 
The EIS measurements were performed using a Gamry FAS2 Femtostat with a PCI4 
Controller in a frequency range from 105 to 10-2 Hz with 7 points per decade. The 
measurements were carried out at room temperature in a conventional three-electrode cell 
consisting of a mercury–mercurous sulphate reference electrode, a cylindrical platinum foil as a 
counter electrode and the working electrode with an exposed area of 1 cm2. Impedance spectra 
were recorded by applying a 10 mV (RMS) sinusoidal perturbation at the open circuit potential. 
The cell was placed in a Faraday cage to avoid interferences with external electromagnetic 
fields. A 0.1 M ammonium pentaborate solution was used as the electrolyte for EIS 
measurements. At least five samples prepared in the same conditions were tested to ensure 
reproducibility of the results. The impedance plots were fitted using equivalent circuits by means 
of the Echem Analyst software from Gamry Inc.  
Transmission electron microscopy (TEM) was carried out using a Hitachi H9000 
microscope at an acceleration voltage of 300 kV. Electron transparent sections of the samples 
for TEM were cut with a Leica Reichert Supernova ultramicrotome. Investigation of the surface 
topography was performed using a Hitachi SU-70 SEM. 
A Digital Instruments Nanoscope III atomic force microscope with conductive Pt-Cr 
probes (AppNANO) was used for SKPFM measurements. The obtained VPD values are 
presented versus the VPD measured for pure Ni as a reference.  
 
4.4.3 Results and Discussion 
 
The results of Al anodisation in deionised water under high-voltage potentiostatic and 
discharge modes with applied voltages between 1000 and 2000 V (Table 4.4.1) showed that up 
to 1600 V in both cases oxide films with different properties can be obtained. For the first 
method the film thickness ranged from 5 to 12 nm (lower values are for lower voltages). 
Between 1000 and 1600 V the film was found to be uniform if anodisation was performed during 
1-2 minutes depending on the applied potential (table 4.4.1).  In the case of the lower voltage 
range (1000-1200 V) it was possible to generate films up to 2 minutes of anodisation. However, 
anodisation for a period less than 1 minute resulted in formation of thin films, which thickness 
was comparable with natural oxide.  In the case of the higher voltages (1400-1600V) 
anodisation was performed for 1 or 1.5 minute. The film thickness is limited by two parameters: 
the thickness of the natural oxide from the lower side and the breakdown of the film from the 
higher one. Longer anodisation of the electrodes resulted in breakdown of the films. Application 
of potentials of 1800 and 2000V in the potentiostatic method also resulted in breakdown of the 
film (fig. 4.4.1A). For the discharge method, the film thickness was between 9 and 11 nm after 
20 discharges and between 14 and 16 nm after 30 discharges for U = 1000-1200 V. When the 
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voltage increased up to 1400 -1600 V, the thickness rose to 15 nm after 10 discharges and 26 
nm after 20 discharges. Under discharge mode the film still grew at 1800 V, reaching a 
maximum thickness of 16 nm after 5-7 discharges. At 2000V the oxide film cannot be prepared 
by either methods, since breakdown occurred (fig 4.4.1B). It should be noted, that in the case of 
the high-voltage potentiostatic method, the results show very poor reproducibility of breakdown 
events: even small fluctuations of parameters such as resistivity and amount of gases (oxygen 
and nitrogen) in the electrolyte, preparation and purity of the electrode surface can influence the 
process. 
 
 
 
Figure 4.4.1: SEM images of the film breakdown on the oxides prepared at applied 
voltage of 2000 V by the potentiostatic (A) and discharged (B) methods.  
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Figure 4.4.2: (A) Discharge plots for the aluminium anodisation by discharge method at 
different potentials applied to the Al electrodes. (B) Discharge plots for the aluminium 
anodisation by discharge method at 1000 V applied to the electrode covered with oxide film with 
different thicknesses. 
 
In contrast to the high-voltage discharge anodisation in highly conductive electrolytes 4-5, 
127, the process in deionised water cannot be explained by the same mechanism and has a 
significant difference in duration. As it was shown previously 127 in highly conductive 
electrolytes, such as 0.1 M ammonium pentaborate, the full discharge takes less than 0.5 s. In 
deionised water the applied voltage decays down to 100 V over a period of more than 100 s 
(Fig. 4.4.2). In deionised water, the measurements do not reveal the presence of plasma since 
besides the time elapsed, the current is low compared to previous works 127-128.  This is due to a 
large potential drop in the electrolyte bulk. In the conventional electrolyte, a plasma layer is 
formed on the anode surface and the oxide growth occurs in this layer 127-128. Taking into 
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account the growth rate of the films, their composition and structure, it can be suggested that 
the growth mechanism is similar to that obtained in potentiostatic method in conventional 
solutions where plasma is not similarly formed during film growth115.  
 
 
Figure 4.4.3: TEM cross sectional images (A, B) and SEM images (C, D) of aluminium 
oxide prepared by high-voltage potentiostatic (A, C) and discharge (B, D) methods. 
 
 
In highly conductive solutions such as potassium hydroxide, an increase of the voltage to 
values higher than 100 V usually results in the formation of oxide film by PEO process, where a 
breakdown of the oxide followed by formation of plasma discharges and rapid growth of the 
porous anodic film occurs. However, in deionised water due to its high resistivity, no Faradaic 
processes take place up to voltages of 1000 V. Further increment of the voltage to higher 
values leads to the formation of a thin oxide film. The growth of the oxide under such conditions 
is limited to the range of  1000 kV–1800 kV (Table 4.4.1). At a certain voltage applied to the 
electrode, breakdown occurs only when a certain thickness of the oxide is reached. The same 
happens if the film is thick enough, but the voltage is lower than that required for filament 
formation (this voltage is the border between conventional anodisation and PEO).  In the case 
of potentiostatic oxidation, a constant potential is applied to the electrode, resulting in 
breakdown of the oxide when the thickness is enough (critical thickness) for the filament 
formation. Thus the thickness of the oxide is a limiting factor for dense oxide growth in high 
voltage anodisation.  
 88 
Table 4.4.1: Anodic film thickness, applied potential at the electrode after correcting for the 
ohmic drop in solution (E) and oxide growth parameters for aluminium anodized in deionised 
water at different applied voltages.  
 
U0/ V Potentiostatic method Discharge method E/ V 
 Time, 
min. 
Thickness, nm Number of 
discharges 
Thickness, nm Parameter 
β×10 -2 
 
1000 2 5±3 20 9±3  5.8 62 
30 14±4   
1200 2 6±2  20 11±3 5.3 75 
30 16±4   
1400 1.5 9±4  10 14±2 4.6 88 
20 24±2 
 
  
1600 1 12±4 10 15±2  4.4 100 
20 26±2   
1800 - Breakdown occurs from 
the beginning of the 
process. 
5-7 16±2  4.9 115 
2000 - Breakdown occurs from 
the beginning of the 
process. 
- Breakdown 
occurs after the 
first discharge. 
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Electron microscopy (TEM and SEM) examination of the Al samples anodized by the 
potentiostatic method demonstrates a nonuniform oxide thickness distribution across the 
electrode surface (Fig. 4.4.3 A, C). However, the films prepared by the high-voltage discharge 
method were found to be more uniform, without defects and fluctuations of the thickness (Fig. 
4.4.3 B, D). The oxide structure in the latter case is similar to the films previously prepared by 
powerful pulsed oxidation in ammonium pentaborate 127. 
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Figure 4.4.4: SKPFM images of aluminium samples with oxide thickness of 15 nm 
anodized by high-voltage anodisation at applied voltage of 1600V by potentiostatic (A) and 
discharge (B) methods. Volta potential difference versus thickness of the alumina films (different 
number of discharges) prepared by discharge method at an applied voltage of 1600V (C). 
 
 
SKPFM measurements (Fig. 4.4.4A) on the Al surfaces treated in deionised water by 
potentiostatic oxidation demonstrate nonuniform charge distribution on the surface: the Volta 
potential changed across the film, rising in the most defected zones (up to +10 mV vs. Ni) and 
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decreasing in the intact areas (down to -9.7 mV vs. Ni). These results are a consequence of the 
nonuniform thickness of the oxide in the different areas 115, 127. It was also observed that 
applying a constant high voltage to the electrochemical cell with deionised water (for periods 
longer than 1-2 min) led to the appearance of breakdown processes on the surface.  
In contrast to the case of potentiostatically prepared samples, SKPFM studies of the 
discharge prepared ones (Fig. 4.4.4B) showed low fluctuation of the Volta potential. 
Furthermore, the surface potential rose as the oxide film thickness increased (Fig. 4.4.4C), 
which is in a good agreement with the observations reported previously 115. In the case of this 
method, as the voltage was applied through discharge of a capacitor, the conditions for film 
breakdown were not met. The voltage applied to the electrodes was lower than the minimum 
needed for breakdown of the oxide film. Thus, the pulse method seems to be effective for 
preparing impurity free thin anodic oxide films in highly resistive electrolytes.  
The current flowing through an electrode depends on the total overpotential, η, which can 
be divided 205 in the following components:  
 
η= ηres+ηconc+ηact     (4.4.1) 
 
where ηres describes the resistance overpotential resulting from the ohmic drop in the 
bulk of the electrolyte, ηconc is the concentration overpotential which is related to mass transfer 
and ηact is the activation overpotential. Due to the high resistivity of deionised water, the 
overpotential ηres should be significantly higher in comparison to the conventional electrolytes. In 
order to estimate the ηres value, two platinum tips were placed in the middle part of the cell and 
the voltage between them was measured. The distribution of the field in the bulk of the 
electrolyte was found to be uniform. The voltage available for the electrochemical process at the 
electrode for the initial voltage (time=0): 
E=U- ηres      (4.4.2) 
can thus be estimated for the different applied potentials (Table 4.4.1).  
During the film growth some ions can be injected from the electrode into deionised water 
(even in small amount), resulting in local fluctuations of the solution resistance. In such regions, 
the electrode potential can change. The film growth occurs preferentially in these areas and the 
amount of charge used for the oxide film growth on the rest of the surface will be lower.   In the 
case of the discharge method, the electrolyte can homogenise and the layer near the electrode 
can be restored due to the diffusion process between the discharges, resulting in more uniform 
film growth (Fig. 4.4.3).  
To understand better the processes, that occur during the discharge anodisation, the 
temporal evolution of the applied voltage was recorded (Fig. 4.4.2 A, B). It was found that the 
discharge plot consisted of two parts, both of which can be described by the equation of 
capacitor discharge 125, but with different resistance parameters:  
     (4.4.3) 
where Ut is the voltage after the time (s), t, from the beginning of the discharge, U0 is the 
initial applied voltage, C is the capacitance and β is the resistance parameter. Both parts of the 
plots can be easily separated (Fig. 4.4.2 A, B); the first part is highly influenced by the applied 
voltage and does not change with the oxide thickness, while the second part is displaced 
positively with the film thickness. Fitting the first part of the plots obtained at different applied 
voltages (Fig. 4.4.2A) using equation 3, the parameter β can be estimated (Table 4.4.1). In the 
second part, the Faradaic process related to the oxide growth does not take place. The 
 91 
resistance between electrodes becomes significantly higher than the internal resistance of the 
capacitor and the only process that takes place, is self-discharge of the capacitor. Thus the film 
growth occurs only during the first period of the discharge and only depends on the initial 
voltage applied.  The change in the voltage U0 in the second part of the plot is linearly related to 
the thickness of the oxide formed. Thus it is possible to estimate the thickness of the film using 
the value of U0 obtained from the fitting of this section of the discharge plot. 
Considering that the resistance parameter β is the same for all the films and very close to 
the values found for self-discharge of a capacitor (2.2×103 Ω), it is possible to fit the second part 
of the plot using equation 3 and reveal the parameter U0 . Estimated values of thickness were 
found to be in good agreement (less than 5%) with values in Table 4.4.1 obtained from EIS and 
TEM measurements. 
 
 
Figure 4.4.5 The impedance spectra recorded on as-polished Al with a native oxide film 
(black solid) and anodized aluminium in different conditions: Al with: 10 nm thick oxide prepared 
by potentiostatic method in deinonized water (red dashed line); oxide with thickness of 20 nm 
prepared by discharged method in deionised water (blue dotted line); oxide with thickness of 20 
nm prepared by conventional anodisation in ammonium pentaborate solution (green dash-dot). 
Experimental: points; Fitting: lines. 
 
 
EIS measurements of the anodized aluminium samples with an oxide thickness of 20 nm 
prepared by different methods are displayed in Fig. 4.4.5. The impedance values of the 
specimens prepared by high-voltage potentiostatic anodisation (red dash line) are higher than 
those measured on the pure metal coated only by the native oxide (black solid line), but 
significantly lower in comparison with those prepared by the discharge method (dash dot green 
line) and conventional anodisation in ammonium pentaborate solution (dot blue line). This last 
film was prepared for the sake of comparison by galvanostatic followed by potentiostatic 
 92 
anodisation in solution of ammonium pentaborate. The advantages of the two-step method of 
anodisation in comparison with pure galvanostatic are described in the literature 115, 183, 206. 
Alumina films prepared in this way have been well studied and have a dense uniform structure 
115, 127, 183, 206. According to the data from electron microscopy (Fig. 4.4.3B, D) and SKPFM (Fig. 
4.4.4B), the topography of the films prepared by the discharge method is similar to those 
obtained by the conventional method. 
The EIS spectra were fitted with a model, that consists of a constant phase element 
(CPE) in parallel with a resistor (R) corresponding to the oxide film, in series with an additional 
resistor element, which describes the electrolyte. The physical origin of the CPE has been 
widely discussed in the literature 125. The impedance of the CPE, ZCPE, depends on frequency, 
ω, according to the following equation:  
 
  1[ ]
n
CPEZ Q j

     (4.4.4) 
 
where Q is a parameter numerically equal to the admittance (|Z|-1) at ω= 1 rad s-1 and n 
(≤ 1) is a power coefficient calculated as the ratio of the measured maximum phase angle and -
90 degrees. The fitting of the spectra shows a high goodness (<10-6 according to the Echem 
Analyst software) and low error (< 1% for all parameters) (Fig. 4.4.5). The value of effective 
capacitance, Ceff, was estimated by assuming a normal time-constant distribution through a 
surface layer by equation (5) derived by Hirschorn et al. 126: 
 
     (4.4.5) 
 
The capacitances of all films prepared by the discharge method were higher by 5-10 % 
than for the films prepared by conventional method. Capacitance, C, is related to thickness, d, 
by the following equation: 
      (4.4.6) 
where S is the surface area and ε is the dielectric constant of the film and ε0 is the 
vacuum permittivity (8.854×10−12 F·m−1). Taking into account that the thickness of the samples 
prepared by both methods is similar (20 nm) and using eq. 6 it was found that the aluminium 
oxide prepared by electrochemical oxidation of Al in deionised water has a dielectric constant of 
9.3-9.9 with a mean value of 9.8. This value is slightly higher than the value obtained for the 
alumina (9.0) produced by conventional anodisation.  
 
 
 
 
4.4.4 Conclusions 
 
The formation of oxide films on the aluminium surface in deionised water was 
demonstrated in the current work by several methods: TEM, EIS, SKPFM. Images and 
properties of the films are in good agreement with those widely presented in literature for 
different conditions. 
Discharge and potentiostatic methods were used to prepare thin oxide films on the 
surface of aluminium in deionised water. The maximum thickness of the anodic film increased 
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with increasing the applied voltage, but at voltages over 1800 V oxide film cannot be prepared 
by either methods due to film breakdown. The maximum thickness of the film was 12 nm for the 
potentiostatic method and 26 nm for the discharge method. The alumina films obtained by the 
discharge method have also better uniformity in comparison to those prepared by the 
potentiostatic method. Both films have a dielectric constant comparable to that for the alumina 
films obtained in conventional electrolytes. 
The data here obtained can be used as a reference for better understanding of the 
properties of anodic films prepared in conventional electrolytes. Further investigation allowing to 
obtain additional parameters, such as nature of defects, charge carriers concentration, etc., will 
be pursued. 
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4.5 Aluminium and titanium-aluminium nanorods encapsulated into 
oxide matrix by powerful pulsed discharge method. 
(under submission) 
 
Contribution to this work: 
Conception of the work, preparation of all samples, fitting of the obtained data, electron 
microscopy, atomic force microscopy, reproducibility experiments, preparation of images, text 
preparation. 
 
 
4.5.1 Introduction 
 
Core-shell nanostructures that consist of an inner core and an external shell of different 
chemical composition is part of the family of nanomaterials, that attract increasing research 
interest due to their unique structural properties207-214. These structural features allow the 
possibility of combining various properties of several materials214. Core-shell nanostructures 
show improved physical, chemical and mechanical properties in comparison to their single-
component counterparts210. The created core-shell nanostructures are of great importance to a 
wide range of applications including electronics, magnetism, optics and catalysis208, 210. A wide 
variety of core-shell nanostructures have been successfully fabricated using different methods 
ranging from laser ablation and high-temperature evaporation to carbothermal reduction and 
hydrothermal methods212-214. Structural characterization of these nanostructures and 
determination of their unique properties for various applications have been well documented213.  
One of the methods for core-shell nanostructures preparation is based on the deposition 
of metals into a porous matrix. This method allows preparing metal particles coated with shells 
of oxide of different metals. In contrast to the physical methods, during electrodeposition metal 
fills the oxide pores from the bottom, providing substrate/nanostructure interface.  
Recently a new electrochemical technique, namely powerful pulsed discharge oxidation 
of metals, has been suggested127-128, 215. In this technique, the electrochemical reaction occurs 
at the metal-electrolyte interface under the action of single high-voltage (> 1 kV) pulses. 
Powerful pulsed discharge method was also used to melt the surface of the porous alumina and 
titania resulting in sealing of the pores. In previous work a two-stage mechanism of powerful 
discharge was suggested. The full ionization of the film occurs in a first step during a few 
microseconds followed by a slower anodic Faradaic process of film growth 127-128. The fact that 
the entire film is fully ionized during the first step leads to vanishing out the difference between 
different zones on the surface and allowing the formation of a very uniform layer. However, 
mechanistic details of the process, which occur on the surface during the pulse and the main 
factors affecting the process are not yet clear.   
Developing of the methods which allow to prepare metal nanostructures encapsulated 
into oxide matrixes was the main aim of the present work. Porous titania and alumina films were 
treated by the powerful pulsed discharge method to study the possibility of pores sealing.  To 
reveal the mechanism of closing of the pores, the influence of the metal deposited into pores 
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was studied.  A set of electrochemical methods were used to clarify the effect of applied voltage 
on the kinetics of ionization, film morphology and level of pore sealing. 
 
4.5.2 Experimental details 
 
Both aluminium and titanium substrates were mechanically polished using abrasive 
papers up to grid 4000. Then Ti electrode was chemically polished in a HF:HNO3 (1:3 by 
volume) mixture, while Al was electrochemically polished in a C2H5OH:HClO4 (4:1 by volume) 
electrolyte in potentiostatic regime at 20 V to mirror finish. After polishing the electrodes were 
rinsed with deionised water. Two-step anodisation was used to form a well-ordered alumina 
template. The first and second anodisation steps were performed at a constant voltage of 40 V 
in 0.3 M oxalic acid for 1 h at a temperature of about 3º C. Between them the pre-structured 
alumina surface was dissolved in a mixture of phosphoric acid and CrO3 at 70–80 ºC for 5 min. 
Afterwards pores were enlarged in a 0.3 M oxalic acid solution at 40 ºC for 2.5 h. Titania 
templates were prepared by anodisation of titanium (99.9%, Goodfellow) with platinum counter-
electrode in electrolyte containing 0.75% NH4F and 2% H2O in ethylene glycol. Potential was 
increased from 0 to 20 V with 0.1 V/s rate, followed by anodisation at a constant potential of 
20V for 20 min. In both cases vertical nanopores had a length of ~1 µm. 
All experiments of metal deposition from ionic liquids were carried out in a  glovebox filled 
with nitrogen (concentration of O2 and H2O < 5ppm). Anhydrous aluminium chloride (Sigma-
Aldrich, >99.9%) and anhydrous titanium (II) chloride (Aldrich, 99%) were used as received. The 
ionic liquid 1-ethyl-3-methylimidazolium chloride (Fluka, ≥99.0%) was heated at 140 ºC under 
dynamic vacuum during 24 h in order to dry it. The electrolyte was prepared by addition of 
1.7moles of AlCl3 to 1 mole of 1-ethyl-3-methylimidazolium chloride and stirred for 24 h. 
Reaction of AlCl3 and EMIM-Cl is highly exothermic, therefore the temperature was controlled 
below 70 °C to avoid decomposition of the ionic liquid. 0.5 M solution of TiCl2 in the EMIM-AlCl4 
ionic liquid was used as electrolyte for Ti-Al alloy deposition. 
Electrochemical deposition was performed in a three-electrode cell. Aluminium wire (Alfa 
Aesar, 99.999%) and graphite rod were used as a reference and counter electrodes 
correspondently. Deposition, cyclic voltammetry and electrochemical impedance spectroscopy 
(EIS) were carried out using a Bio-Logic SP-300 potentiostat.  
Electrochemical cell used for the pulsed discharge oxidation of titanium was made of 
high-impact polystyrene and consisted of a Ti anode plate (Goodfellow, 99.999%, dimensions: 
100x80x1 mm) with a working surface of 4.4 cm2 placed inside a cylindrical Ti cathode (Alfa 
Aesar, 99.7%) with about 20 times larger surface area. Titanium was chosen as a cathode 
material due to its high strength and chemical stability. 0.1 M ammonium pentaborate 
((NH4)2B10O16) aqueous solution was used as electrolyte for pore sealing. Electric discharges 
between the electrodes were generated using a low-inductance 100 μF capacitor bank, charged 
to a fixed voltage (1400-1800 V). The capacitor was commutated to the cell using a low-inertial 
relay triggered by a synchronizing pulse.  
Surface topography and composition of the films were investigated using a Hitachi SU-70 
scanning electron microscope (SEM) coupled with an energy dispersive spectrometer (EDS). 
 
4.5.3 Behaviour of the nanoporous alumina and titania films under action of 
powerful pulsed discharge 
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Figure 4.5.1. SEM images of the pure porous titania (A, C) and alumina (B, D) before (A, 
B) and after (C, D) application of 5 discharge pulses with a potential of 1600V.  
 
Nanoporous alumina and titania films have essentially different nature. While aluminium 
oxide demonstrates hexagonal structure with a pore in the centre and no space between cells, 
titanium oxide mainly consists of nanotubeshaving thin walls in the top and thicker ones closer 
to the metal substrate which can be even separated 29, 216. The conductivity of the porous oxides 
is also different: TiO2 is known as a wide-bandgap semiconductor, while Al2O3 films can be 
considered as a dielectric material and have higher resistance. 
To estimate the possibility of closing the oxide pores , porous titania and alumina films 
were studied under action of the discharge pulses before deposition of the metals into the pores 
(Figure 4.5.1 A, B). Figure 4.5.1 C, D shows the structure of the porous oxides after 5 pulses. 
The morphology of the discharge-treated titania film seems to be different from the unexposed 
one (Fig. 4.5.1 C). The cross-section of this film shows that the top part of the pores was 
melted, resulting in sealing of the nanotubes and encapsulation of their content. According to 
the processes described in the previous works 127-128, it can be suggested that plasma is formed 
on the top of the pores, resulting in their melting.  
Behaviour of the alumina films under the same conditions was found to be different. After 
application of 5 pulses at 1600V, cracks in the film can be observed (Fig. 4.5.1D). Action of 40 
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pulses with a lower potential (1100V) leads to changes of the film structure, and at high 
magnification a minor melting of the pore walls can be seen (not shown). Examination of the film 
cross-section reveals signs of the wall melting near to the substrate and some sealing in the 
lowest part of the pores (10-25 nm). It can be suggested that closing the alumina pores under 
powerful pulsed discharges is incipient, and only minor part of pores can be closed. We can 
suggest that the electrical conductivity of the alumina is insufficient to transport charges through 
the oxide to the upper part of the film for further melting process. 
 
4.5.4 Deposition of the metals into pores 
 
To study the behaviour of the metal-filled titania and alumina nanotubes two types of 
electrodes were prepared: aluminium deposited into the titania film, and aluminium-titanium 
alloy deposited into the porous alumina.  
Electrodeposition of aluminium into the titania tubes was performed from the respective 
ionic liquid using potential cycling, to avoid the growth of the metal crystals on the surface of the 
oxide coating. Vertex potentials were chosen in the range of -0.5 V and +0.35 V vs. Al quasi-
reference electrode to avoid ionic liquid destruction from the cathodic side and significant but 
not complete metal dissolution from the anodic one. Typical cyclic voltammograms for different 
number of cycles are shown in Fig. 4.5.2. 
 
 
Figure 4.5.2. Typical CVA of aluminium deposition into titania nanopores at sweep rate 
of 50 mV/s 
 
Careful analysis of the process evolution reveals its changing during potential cycling. 
Diffusion limitation of the oxidation processes and anodic current drop to almost zero at the 
reverse scan can be observed for the first cycle in the beginning of the process (Fig. 4.5.2, 
black solid line). Anodic oxidation can be described by the following processes217: 
 98 
Al(0) + 4Cl- = AlCl4- + 3e- 
Al(0) + 3 Cl- + AlCl4- = Al2Cl7- + 3e- 
Al(0) + 2Cl- + 2AlCl4- = Al3Cl10- + 3e- 
etc. 
Due to diffusion limitation through the pores, the amount of chloride anions is restricted 
and the possibility of aluminium dissolution is limited. Increasing the anion size (and the number 
of Al atoms in it) of the ionic liquid results in the drop of its solubility and, as a result, polymeric 
aluminium chloride structures deposit on the surface of the metal. In the following cycles the 
anodic current limitation becomes less distinct and almost disappears after the 20th scan (Fig. 
4.5.2, green dotted line).  
Electrodeposition in the potentiostatic mode results in a slow deposition of the aluminium 
in the pores. After filling the pore volume, aluminium nanostructures start to grow on the top of 
the nanotubes (Fig. 4.5.3A) as well covering whole surfaces with bulky deposits. Increase of the 
aluminium amount on the titania surface, where oxidation of the metal is not limited by diffusion 
and its dissolution is easier, results in a rise of the anodic current. In the case of cathodic 
reduction process there are almost no diffusion limitations taking into account that the ionic 
liquid contains aluminium chloride ions.  
Sweep rate is a very important parameter for the aluminium formation in the pores. 
Aluminium deposition was studied at the following sweep rates: 20, 50, 100, 200 and 500 mV/s. 
It was found that metal particles are not deposited at the top of TiO2 films when a sweep rate of 
20mV/s is applied, though the fill factor remains low. Deposition at higher sweep rates, 50 and 
100 mV/s, results in good filling of the pores with aluminium without further growth of metal 
structures on the surface (Fig. 4.5.3B). With increment of the sweep rate to 200 and 500 mV/s 
the number of empty pores increases and the deposition of metal on the surface starts.  
 
Previously the possibility of aluminium-titanium alloy deposition from the solution of TiCl2 
in AlCl3-EMIM-Cl (2:1) mixture was demonstrated 218. The composition of the alloy is highly 
dependent on the applied potential. Deposition using the potential cycling mode in this case can 
produce a fluctuation in the nanorods composition. Recently Perrie et al. 219-220 have proposed a 
method based on pulsed deposition. It was shown that two pulses are important for metal 
nanowires formation: the first one with cathodic polarization for metal deposition and the second 
one, anodic, for relaxation processes in the pores. To avoid the formation of metal structures on 
the surface of the porous layer, we used a modified pulsed method, and three pulses instead of 
two were applied. The first one, which corresponds to metal growth, was applied for 50 ms at a 
potential of -0.3 V vs Al quasi-reference electrode. The partial dissolution of the deposit was 
performed at +0.2 V for 40 ms, and the final pulse at 0 V for 150 ms was used for the sake of 
ion migration and electrolyte renewal in the pores. The absence of the third pulse results in a 
high irregularity of the obtained nanowires.  
EDS analysis of the obtained metal nanostructures in the pores shows the presence of a 
high content of titanium in the deposit. 
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Figure 4.5.3. SEM image of the titania pores filled with aluminium in potentiostatic mode 
(A) and by potential cycling (B)  
 
 
 
4.5.5 Closure of the metal-filled pores by applying Powerful Pulsed Discharge 
 
 
 
Figure 4.5.4. Discharge plots of the nanoporous alumina (A) and titania (B) filled with Ti-
Al and Al, respectively. 
 
The obtained structures were further treated with high voltage pulses. Analysis of the 
current vs time plots can throw light on the mechanism of processes that occur under the action 
of such discharge. As it was previously studied 127-128, the discharge process contains two 
steps. During the first, short one, which is characterized by relatively high currents, ionization 
and melting of the oxide occurs. In the second one with a significantly higher duration, the main 
process is the growth of the film. The key factor that corresponds to the charge distribution ratio 
between the first and second step is the amount of the defects in the coating. Figure 4.5.4 
shows typical discharge curves obtained for porous titania and alumina electrodes filled with 
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aluminium and titanium-aluminium alloy, respectively. In comparison to the plots recorded on 
the pure metal electrodes, the shape of discharge profile is closer to that obtained on aluminium 
127, oxide of which can be characterized by high resistance and low amount of defects. These 
plots contain a short first ionization part and a relatively long second one, and the two steps are 
well separated. However, detailed analysis of the plots reveals that the charge passed through 
the cell during the second period, which corresponds to the film growth, is negligible and 
consists only of about 1% of the capacitor charge. Moreover, according to the current 
integration, only 30% of charge is consumed by the ionization processes. It can be suggested 
that in such systems growth of the oxide does not occur, and the only process is ionization of 
the oxide with its further melting. Increasing of the discharge voltage does not result in changes 
in the plot shape, and only a current increment in the first step of the process can be observed. 
 
 
 
Figure 4.5.5. Cross-section of the film (A) and top view (B) of the alumina pores filled 
with Ti-aluminium alloy after action of 10 discharge pulses applied at 1600V (A) and 1800V (B). 
 
Inspection of the electrode surface after applying the discharges reveals dependence of 
its morphology on the applied potential. Application of 1400V to the alumina electrode was 
found to result in destruction of the coating. In all the cases, the discharge curves have a shape 
different of that obtained previously, and further investigation by SEM shows a big amount of 
cracks on the porous oxide surface. Increasing the voltage up to 1600 and 1800 V leads to the 
sealing of the pores (Fig. 4.5.5). EDS analysis of the cross section (not shown) revealed that 
alumina is the main material of the melted part of the pore. Taking into account that the coating 
contains titanium-aluminium alloy inside, it can be assumed that the main source of the material 
for the sealed part of the pore is alumina from the nanotube walls. In contrast to the action of 
discharge on the empty pores, in this case encapsulation of the pore content takes place. Thus 
filling the channels in alumina with conductive material opens the possibility to close the pores 
in the same way as it occurs on titanium. 
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Figure 4.5.6. Surface of the titania nanotubes filled with aluminium after action of 10 
discharge pulses at 1600V (A) and 1800V (B). 
 
Application of powerful pulsed discharges to the aluminium-filled titania pores also 
causes closure of the pores. In contrast to alumina, at 1400V some nanotubes can be closed 
but the main amount of them remains open. Further increase of the potential to 1600V results in 
the entire encapsulation of the pore content (Fig. 4.5.6A). It was also found that the melts on the 
surface of the nanotubes consist mainly of titania, what is in good agreement with our previous 
assumption. It should be mentioned that further increase of the potential leads to the formation 
of islands of the melts on the surface and the major part of the pores seems to be still open (Fig. 
4.5.6B). 
 
 
4.5.6 Conclusions 
 
Powerful Pulsed Discharge method offers unconventional approach not only for 
electrochemical synthesis of thin oxide layers, but also for modification of the oxide morphology. 
In the present study we proposed this method for efficient encapsulation of metal nanorods 
preliminarily deposited into the vertically aligned titania and alumina nanopores. Under action of 
the discharge with voltage less than 1600V, the top part of the titania tubes melts, resulting in 
closing of the pore volume. Closing the titania nanotubes by this method is possible irrespective 
of the pore content. In the case of alumina nanoporous layer, only minor part of the pores can 
be sealed if they are empty. However, filling of the channels with conductive metal provides the 
possibility of their closure starting from the top. 
Studies of kinetics of the discharge process on the metal-filled porous titania and alumina 
electrodes show that the shape of temporal current evolution profile does not depend on the 
oxide matrix composition. Increasing the applied voltage results in a current increment without 
changing the profile shape. Analysis of the current vs time plots shows that only minor part of 
the charge is spent for the oxide growth and the main process is ionization of the oxide with its 
further melting. 
We also demonstrated that the potential cycling method is efficient for electrodeposition 
of aluminium into titania nanotubes. In the case of Al-Ti alloy deposition into alumina pores, a 
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pulse method, where the potential is reversed during deposition, can be applied to avoid the 
growth of structures on the oxide surface and provides a high fill factor of the pores with metal.
 103 
 
 
4.6 Powerful pulsed discharge oxidation of aluminium and titanium in 
hydrogen peroxide and distilled water. 
(under submission) 
 
Contribution to this work: 
Conception of the work, preparation of all samples, fitting of the obtained data, electron 
microscopy, atomic force microscopy, reproducibility experiments, preparation of images, text 
preparation. 
 
 
4.6.1 Introduction 
 
Anodizing treatment is widely used on aluminium, titanium and their alloys in industrial 
practice to enhance surface performance (corrosion resistance, hardness and wear resistance) 
and to modify physical and chemical properties of the metal surface 24, 73, 194. On both metals 
oxide film forms, spontaneously on the metal surface and brings resistance to atmospheric 
oxygen. However, corrosion resistance of such films is not enough in pure aggressive media.   
Anodisation is a convenient and important method of oxide film formation owing to low cost, 
flexibility and easiness 2, 30, 52, 58, 184, 198, 203. Anodisation of titanium is an attractive method that 
can be used for surface modification giving additional corrosion resistance, higher affinity to 
biological tissues, and advanced electronic properties when compared to the native thin oxide 
films52, 197-199. Thin films of aluminium oxide have found important applications in electronic 
industry and corrosion protection due to their relatively high dielectric constant, ultra-low 
conductivity as well as high corrosion resistance and good thermal and mechanical stability.73 
The above properties also make aluminium oxide films promising for novel applications in 
microelectronics.74 Nowadays, thin alumina layers are used as dielectrics in integrated 
capacitors with ultrahigh capacitance density. Films of Al2O3 are also considered as 
replacements for SiO2 in semiconductor devices75-76.  
There are several anodisation processes that are currently used: conventional anodic 
oxidation (potentiostatic or galvanostatic) and plasma electrolytic oxidation (PEO) 2, 30, 58, 203. 
The conventional anodisation is well studied and allows growing oxide films of controlled 
thickness and quality 2, 52, 197, 203. The conventional anodisation methods allow to produce the 
alumina films of controlled thickness and quality182-184. In some cases, e.g., in production of 
electrolytic capacitors and anti-corrosion protection of aluminium and its alloys, anodisation is 
combined with other oxidation methods185-186. Using the other method, PEO, which occurs at 
potentials above the breakdown voltage of the oxide film growing on the anode surface, it is 
possible to prepare well adherent, hard, ceramic-like coatings30, 58. Both methods are currently 
applied in industry although they are still under investigation. One of the problems, which 
appear when studying the anodic oxides, is related to the impossibility of preparing a pure oxide 
film without foreign atoms apart metal atoms of the substrate, oxygen and hydrogen atoms. In 
all electrolytes used for anodisation, different ionic species are added to increase the 
conductivity of solution and foreign atoms are trapped into the growing oxide 128. According to 
the literature, concentration of the foreign atoms during anodic oxidation usually does not 
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exceed 1% 204, however, the impact of them on anodic film properies, such as concentration of 
ionized donors, conductivity and photosensitivity, is significant. It was shown that the electrolyte 
concentration used for anodisation influences the dopant content in the oxide 128 and even low 
amount of ionic species in solution results in changes of the film properties. Thus, in order to 
have a reference point for further research it is important to obtain an oxide film with minimal 
influence of foreign atoms. Of course, impurity-free oxide on the metal surface can be prepared 
by other methods, such as oxidation in oxygen atmosphere at high temperature 73 or in boiling 
water 115, but the properties of the obtained films will be different of those prepared by 
electrochemical oxidation. This motivates the present work where only water and hydrogen 
peroxide were used as electrolyte. This gives the opportunity to clarify the mechanism/pattern of 
charge distribution in oxide films. 
A new electrochemical technique using powerful pulsed discharge oxidation (PPDO) of 
metals has recently been reported4-5, 127-128. In the present work, the processes that occur in this 
method were studied. In PPDO the electrochemical reaction occurs at the metal-electrolyte 
interface under the action of single high-voltage (> 1 kV) pulses. The most important difference 
of this technique from the conventional galvanostatic and potentiostatic anodisation methods is 
an extremely high rate of film growth. During PPDO the oxide film ionizes completely128. Thus, 
as opposed to the plasma electrolytic oxidation process, the film grows not only near breakdown 
areas (channels), but also simultaneously over the whole surface of the electrode. This results 
in formation of oxide films with properties different from those obtained by other methods. 
Furthermore, in this technique, solutions with very high resistivity can be used.  
Volta potential of the obtained anodic films prepared by pulsed discharge method was 
measured using Scanning Kelvin Probe Force Microscopy. It has been shown that the charge 
and polarization of alumina films is affected by anodisation conditions: in particular, the 
electrolyte composition. Structure and thickness of the films were studied using a transmission 
electron microscopy and electrochemical impedance spectroscopy methods. Films of different 
thicknesses up to 180 nm were obtained. It was found a relation between thickness and 
potential on the surface of these films.  
Two types of films were studied using two different electrolytes. Films of the first type 
were prepared by pulsed method in solutions of only hydrogen peroxide. Second-type films 
were prepared in distilled water. For comparison, powerful pulsed discharge oxidation in 
solution of ammonium pentaborate was also examined. Assumptions on the processes, which 
occur on the surface under action of discharge pulse, were done based on the comparative 
analysis of the films characteristics. 
 
4.6.2 Experimental 
 
 
The electrochemical cell used for the pulsed discharge oxidation of aluminium and 
titanium was made of high-impact polystyrene and consisted of a plate Al anode (Goodfellow, 
99.999%) with a working surface of 5 cm2 placed inside a cylindrical Ti-foil cathode (Alfa Aesar, 
99.7%) with 20 times larger surface area. Titanium was chosen as a cathode material due to its 
high strength and chemical stability. Both electrodes were mechanically polished using emery 
papers up to grid 4000. Titanium electrodes were chemically polished in a HF:HNO3 (1:3 by 
volume) mixture, while aluminium plate was electrochemically polished in a C2H5OH:HClO4 (4:1 
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by volume) electrolyte in potentiostatic regime at 20 V to mirror finish. After polishing both 
electrodes were rinsed with deionised water.  
A 30% hydrogen peroxide solution (Sigma-Aldrich) and 10-8M solution of sodium 
hydroxide in deionised water were used as electrolytes. The diluted solution of NaOH was 
chosen to use instead of only distilled water for the sake of reproducibility. Assuming that the 
concentration of sodium ions in such electrolyte is low enough to consider that they will not 
incorporate into the oxide, this solution will be mentioned in text as water electrolyte. In 
comparison with pure deionised water the conductivity of the solution is three orders of 
magnitude higher. A 0.1 M ammonium pentaborate ((NH4)2B10O16) aqueous solution was used 
as electrolyte for comparison reasons since alumina films prepared by the conventional 
anodisation methods in this electrolyte are well-studied. In the case of titanium oxidation 1M 
phosphoric acid electrolyte will be used for comparison. 
Electric discharges between the electrodes were generated using a low-inductivity 100 
μF capacitor bank charged to definite voltages (1400-2000V). The capacitor was commutated to 
the cell using a low-inertial relay triggered by a synchronizing pulse. In order to prepare the films 
with different thicknesses the capacitor was discharged through the electrochemical cell from 1 
to 15 times. Time-current characteristics of discharges were recorded using a Tektronix 
DPO7054 oscilloscope connected to the system and synchronized with the trigger. 
The EIS measurements were performed using a Gamry FAS2 Femtostat with a PCI4 
Controller in a frequency range from 105 to 10-3 Hz with 7 points per decade. The 
measurements were carried out at room temperature in a conventional three-electrode cell 
consisting of a mercury – mercurous sulfate reference electrode, a platinum foil as the counter 
electrode and the working electrode with an exposed area of 4.4 cm2 in solution of 0.1 M 
ammonium pentaborate as the electrolyte. Impedance spectra were recorded by applying a 10 
mV sinusoidal perturbation at the open circuit potential. The cell was placed in a Faraday cage 
to avoid interferences with external electromagnetic fields. Before recording the spectra, the 
system was allowed to attain a stable open circuit potential. At least two samples prepared at 
the same conditions were tested to ensure reproducibility of the results. The impedance plots 
were fitted using equivalent circuits by means of the Echem Analyst software from Gamry Inc.  
Constant phase elements (CPE) instead of capacitances were used in all fittings 
presented in the work. Such modification is needed when the phase angle of the capacitor is 
different from -90 degrees. The physical origin of the CPE has been widely discussed in 
literature125, 165. The impedance of the CPE, ZCPE, depends on frequency, ω, according to the 
following equation:  
  1[ ]
n
CPEZ Q j

    (4.6.1) 
where Q is a parameter numerically equal to the admittance (|Z|-1) at ω= 1 rad s-1 and n ≤ 1 is a 
power coefficient which is equal to 1 in the case of an ideal capacitor and lower in the case of a 
CPE element. The value of n can be calculated as the ratio of the phase angle at maximum of 
the corresponding constant phase element to -90 degrees. The value of effective capacitance, 
Ceff, can be estimated by assuming a normal time-constant distribution through a surface layer 
by equation126: 
   (4.6.2) 
The TEM study was carried out using a Hitachi H9000 transmission electron microscope 
at acceleration voltage of 300 kV. Electron transcendent sections of the samples for TEM were 
cut with a Leica Reichert Supernova ultramicrotome. 
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A Digital Instruments Nanoscope III atomic force microscope with conductive Pt-Cr 
probes (Budget Sensors) was used for SKPFM measurements. The measurements were 
performed in several areas of at least two samples of the same thickness. The obtained Volta 
potential difference (VPD) values are presented versus the Volta potential measured on Ni as a 
reference.  
 
4.6.3 Oxidation of aluminium 
 
The nature of the discharge oxidation in the present electrolytes is similar with previously 
shown and current profile of the process seems close to that described in conventional 
electrolytes5, 127-128, 221. In contrast to the oxides prepared in deionised water 221 conductivity of 
these electrolytes are 2-3 orders of magnitude higher, what results in significantly change of the 
growth mechanism to the typical rate for powerful pulsed discharge mechanism, which was 
described previously 5, 127-128. Figure 4.6.1 shows typical discharge spectra for the aluminium 
electrodes in water, hydrogen peroxide and for comparison in ammonium pentaborate. Attempts 
to prepare films in the potentiostatic conditions result in breakdown of the oxide films with 
thicknesses 7-15 nm, similar to the previously described results in deionised water221. 
Previously127 it was shown that the thickness (d) of the pulsed discharge films on 
aluminium could be described as a function of number of applied pulses (N) and thickness of 
the film after the first discharge (d0) by the following empirical equation:  
0d d N

,   (4.6.3) 
Thickness of the alumina films prepared by the pulsed discharge anodisation was 
evaluated from EIS measurements as well as from TEM data.  Detailed description of the 
thickness determination is described below. Application of the discharges in water and 
hydrogen peroxide solution also obeys to this equation. Thus thickness of the oxide film in low 
conductive electrolyte can be also controlled by the number of the applied pulses. To 
understand the influence of the electrolyte and applied voltage a series of samples was 
prepared applying 1, 2, 3, 5, 10 and 15 pulses at potentials from 1400 to 2000V with a step of 
200V. 
In water electrolyte the shape of the discharge plot seems different from that obtained in 
conventional electrolytes. One can see that the first part of the discharge seems to have higher 
currents and shorter duration in comparison with those prepared in ammonium pentaborate. 
The second part, which is responsible for the film growth, also has higher current values. 
Furthermore, its duration seems to be around 0.2s in comparison to 0.4s in conventional 
electrolyte. However, their differences don’t contradict the process previously described and it is 
connected with the structure of the obtained oxide. The shape of the pulse was found to be 
similar at all the applied voltages while the current value rises respectively with growth of the 
potential. At 1400V (not shown) and 1600V (fig 4.6.2a) the discharge plot at the first and the last 
discharges seems to be identical. With further rise of the potential, the current starts to 
decrease during the film growth and at 2000V the difference in current between the first and 10th 
discharge after 5e-4 s was around 2 times (fig 4.6.2b). 
The thickness of the oxide obtained from a single discharge was found to be influenced 
by the applied potential. The thickness doesn’t change linearly and it was found that there is 
almost no difference in the growth rate per pulse at 1800 and 2000V. The values of d0 and α 
obtained are shown in Table 4.6.1. However, in all the cases the influence of the number of 
pulses on the oxide thickness can be described by equation (1).  
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Figure 4.6.1. Typical discharge plots on the aluminium electrodes in hydrogen peroxide, 
water and ammonium pentaborate at 1400V. The inset shows magnification of the plot for the 
period up to 0.1 ms after discharge. 
The structure of the discharge plot, the current values and the duration of every phase in 
hydrogen peroxide seems to be very similar to that obtained in ammonium pentaborate. The 
rise of the applied potential almost doesn’t influence the discharge plot change up to 2000V. 
Thus the 1st and 10th discharges at 1400, 1600 and 1800V are similar, and only at 2000V the 
difference between them is 20%. Similarly, to the oxide growth in water electrolyte, the growth 
of the film in hydrogen peroxide solution can be described by equation (1) and parameters for 
the equation are also shown in table 4.6.1. 
 
 
Figure 4.6.2. Comparison of current plots on 1st and 10th discharges on the aluminium 
electrode in water at different potentials at 1600V (a) and 2000V (b). 
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Table 4.6.1. Parameters of equation (1) for film growth on aluminium in water and 
hydrogen peroxide at different potentials. 
 
Electrolyte and potential d0, nm Α 
Water, 1400V 14 0.98 
Water, 1600V 17 0.95 
Water, 1800V 18 0.93 
Water, 2000V 18 0.89 
Hydrogen peroxide, 1400V 15 0.99 
Hydrogen peroxide, 1600V 17 0.98 
Hydrogen peroxide, 1800V 18 0.95 
Hydrogen peroxide, 2000V 19 0.92 
 
4.6.3 Oxidation of the titanium 
 
 
The structure of the discharge plot on titanium has a different shape in comparison to 
aluminium. According to the previously described mechanism128, aluminium discharge has two 
well defined phases responsible for film ionization and film growth respectively. In the case of 
titanium, due to the significantly higher oxide conductivity there is no defined border between 
the phases. The duration of the whole discharge process is highly dependent of the electrolyte 
composition and concentration, applied potential, etc. Furthermore, due to the increment of 
dopants in the oxide during the film growth, the shape of the discharge plot changes at every 
following discharge. In our previous work 128 the mechanism of the oxidation is described in 
detail. 
The discharge plots (fig. 4.6.3a) obtained in H2O and H2O2 show a shape similar to that 
obtained in conventional electrolytes 5, 127-128. However, the duration of the pulse was found to 
be shorter. This can be explained by the absence of dopant atoms, which play a role of charge 
traps, making difficult migration of the ions during the second phase.  
During the first discharges, oxidation of the titanium in water electrolyte seems to be 
similar to previously performed in sulphuric and phosphoric acid 5, 128. When thickness of the 
film achieves 120 nm following growth rate of the coating significantly drops. It was found that 
after applying 30-35 pulses the film in water electrolyte thickness was 180 nm, while in the 
solution of sulphuric acid the same thickness was obtained already after 10 pulse discharges5. 
The increment of the applied voltage resulted in decrease of the oxide thickness at which this 
phenomenon starts to appear. Thus, the growth rate at 1600V drops for an oxide thickness 
around 100nm, while at 2000V this thickness drops for 30-50nm (1-2 discharges). SEM studies 
of the samples show, that after this thickness, the oxide starts to grow on the grain boundaries 
of the substrate (fig. 4.6.4). 
Preparation of the oxide in the solution of hydrogen peroxide doesn’t encounter the same 
problems as in water electrolyte. The shape of the discharge plot seems to be similar for all 
applied potentials. The increase of the voltage results in a corresponding rise of the current and 
also to a minor increase of the pulse duration. In contrast to the pulse evolution with film growth 
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in conventional solutions, it was found that at 1400V the plot shape almost doesn’t change up to 
the thickness of 120 nm (fig 4.6.3b). With increment of the applied voltage, the shape of the 
discharge plot starts to change with thickness(fig 4.6.3c), but even at 2000V the difference 
between the 1st and 15th discharges is significantly less in comparison to the current evolution 
for sulphuric acid5. This can be associated with absence of foreign dopant atoms, which can 
play a role of traps. While in conventional electrolytes the amount of defects increases with film 
growth, in hydrogen peroxide only atoms of Ti, O and H can be found and thus the possibility to 
have defect traps in the oxide structure is lower. The minor changes in this case can be 
associated with non-uniform distribution of the Ti and O atoms in the bulk of the film, resulting in 
local nonstable charge traps. 
Increase of the applied potential in water almost doesn’t influence the oxidation process. 
Thus, changing of potential from 1400V to 1600V results in minor increase of the thickness, 
which appears on the electrodes with oxide thickness of 80 nm. Similarly, further growth is 
difficult due to the growth of oxide on the grain boundaries. However the increase of potential 
doesn’t influence the rate of oxide growth, and the limits were similar to those obtained at 
1600V. Rise of potential results also in decrease of the potential at which the main process 
occurs is the growth of the oxide on grain boundaries. Furthermore, at 2000V it was not 
possible to obtain the film with thickness higher than 30-50 nm. 
In the solution of hydrogen peroxide at all potentials can be found dependence of the 
growth rate on the applied voltage. Thus at 1800V the thickness of the oxide after 4 pulses was 
110-130 nm, which is around 20% thicker than those obtained at 1400V. However, the growth 
efficiency is not linear with potential and drops as the potential increases. The difference 
between 1800 and 2000V is less than 3-5%. 
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Figure 4.6.3. Discharge plots in the titanium obtained in different electrolytes (a) and 
charge evolution in hydrogen peroxide obtained at 1400V (b) and 2000 V (c). 
 111 
 
 
Figure 4.6.4. SEM image of the titania film obtained by applying of 5 discharge pulses at 
2000V.  
 
4.6.4 EIS studies of the aluminium oxide 
 
 
EIS spectra of the films obtained in H2O2 and H2O are shown in Figure 4.6.5. All the 
spectra demonstrate a broad relaxation process described by one time constant. This relaxation 
can be assigned to the CPE of the dielectric oxide films. The spectra were fitted using a simple 
equivalent circuit with one parallel R-CPE element for description of oxide film and an additional 
R element connected is series for the electrolyte resistance.  
To estimate the thickness of the alumina, film cross-sections were examined using TEM 
(fig. 4.6.6). The electron microscopy study revealed that all the films obtained by high-voltage 
pulsed discharge anodisation (1-15 pulses) are smooth, dense and free of microdefects. The 
comparison of the EIS spectra of the films prepared at 1400V with thickness of 120 nm as 
measured by TEM, shows that the impedance of the samples prepared by the discharge 
method (fig. 4.6.5) is slightly higher, in comparison to those prepared by conventional 
anodisation in ammonium pentaborate120, 127. This result was repeated on the alumina with other 
thicknesses.  
Calculation of the dielectric constant from the CPE and the film thickness shows that 
aluminium oxide prepared by pulsed discharge in hydrogen peroxide has higher dielectric 
constant in the order of 9.9-10.3, while films prepared in water electrolyte have values of 9.4-9.9 
in comparison with 9.0 obtained on for alumina made by conventional method. The values of 
the dielectric constant for alumina prepared in the two electrolytes at different applied voltages 
are presented in table 4.6.2. 
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Figure 4.6.5. EIS spectra of the alumina obtained in water (black, solid) and hydrogen 
peroxide (red, dash) electrolytes prepared by powerful pulsed discharge oxidation at 1400V. 
Experimental: points; Fitting: lines. 
 
 
 
Figure 4.6.6. Cross-section TEM image of the anodic film on aluminium prepared in 
hydrogen peroxide by action of 5 discharges at 1400V. 
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Table 4.6.2 Dielectric constant for the alumina prepared by PPDO in different electrolytes 
and different potentials 
 
 
Electrolyte and potential Dielectric constant 
Water, 1400V 9.8 
Water, 1600V 9.9 
Water, 1800V 9.5 
Water, 2000V 9.4 
Hydrogen peroxide, 1400V 10.2 
Hydrogen peroxide, 1600V 10.3 
Hydrogen peroxide, 1800V 10.1 
Hydrogen peroxide, 2000V 9.9 
 
 
4.6.5 EIS studies of the titanium oxide 
 
 
In contrast to aluminium, it is not possible to determine the thickness of the titanium oxide 
just from impedance spectra. However, EIS on the titania can help to reveal information about 
its structure and number of ionized donors. Impedance spectra of the titania films prepared in 
both water and hydrogen peroxide electrolytes have similar shape at low thicknesses and 
correlate well with the results obtained in previous works5, 128. Previously it was shown that in 
contrast to the oxide prepared by conventional galvanostatic anodisation, which consists of two 
layers and space charge region, the film obtained by PPDO contains only one dense part5. 
Spectra recorded on films prepared by pulsed discharge method contain two relaxation 
processes: the first responsible for the space charge region and the second, describing the bulk 
oxide. It is well known that polarization of a semiconductive film leads to variation of its 
capacitance and, in turn, to modulation of the corresponding part of the impedance spectra. The 
modulation of the capacitance response under the variable polarization is used to reveal 
parameters of the space charge region and bulk part of the film. The impedance spectra were 
taken at different polarizations from 0.8V to -0.4V with a step of 0.2 V vs. SCE (Fig. 4.6.7). 
Fitting the plots with two R-CPE and one R elements in series shows good results (Fig 4.6.7c). 
In comparison to the results obtained in sulphuric acid the resistance and capacitance of the 
bulk part of the film is lower. This can be explained by the lower number of defects, resulting in 
drop of the number of charge carriers. On the other hand, at anodic polarization the time 
constant corresponding to the bulk film is less evident, due to enlargement of the space charge 
region for the whole volume of the film.  
  
 114 
  
 
Figure 4.6.7. Impedance spectra of the 120 nm thick anodic oxide films under 
polarization formed on titanium in water (A) and hydrogen peroxide (B) electrolytes. Equivalent 
circuit used for fitting (C). 
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4.6.6 SKPFM studies of the aluminium oxide 
 
One of the advantages of the oxide films prepared by the powerful pulsed oxidation 
method is the uniformity of the charge distribution on their surface. In comparison with the films 
prepared by galvanostatic anodisation, where defects and contamination of the electrode 
surface can highly influence the electrical properties of the film, in PPDO method the charge 
distribution uniforms after every discharge pulse due the processes which occurs during film 
growth. SKPFM studies obtained in water and hydrogen peroxide electrolytes show good and 
uniform charge distribution over the surface of the film for all the thicknesses and applied 
potentials (fig 4.6.8). As it was previously shown127, 221, the Volta potential difference is highly 
dependent from the physical properties of the film as well as its thickness. Thus, the film can be 
characterised by the slope of the VPD-thickness plot. Figure 4.6.9 shows dependencies of Volta 
potential obtained on the aluminium at different voltages and different thicknesses. One can see 
that change of the Volta potentials on the surface of the film with change of the applied voltage 
correlates with changes of their dielectric constant obtained from EIS spectra. The slopes of the 
graphs are shown on the table 4.6.3. On the oxides prepared in the hydrogen peroxide solution 
the value of the slope was found to be up to 0,062V, which is higher than that described in 
literature118, 120. However, the samples prepared in water electrolyte have values of 0,059-0,061 
which also exceed the values previously published. Taking into account that most of the films 
prepared in these electrolytes have similar structure to those obtained in conventional solutions, 
it can be suggested that it is possible to use the oxides prepared in contamination-free 
electrolytes as a reference for further studies of thin films on aluminium. 
 
 
Figure 4.6.8. Topology (A,B) and measured potential distribution (C,D) on alumina films 
with thickness 60 nm prepared by pulsed discharge anodisation in water (A,C) and hydrogen 
peroxide (B,D). obtained at 1400V. 
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Figure 4.6.9. Dependence of Volta potential from the thickness on the aluminium oxides 
prepared in water (a) and hydrogen peroxide (b) electrolytes. 
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Table 4.6.3. Slopes of the graphs on the aluminium anodized in different conditions. 
 
Electrolyte and potential Slopes 
Water, 1400V 0.061 
Water, 1600V 0.061 
Water, 1800V 0.060 
Water, 2000V 0.059 
Hydrogen peroxide, 1400V 0.061 
Hydrogen peroxide, 1600V 0.062 
Hydrogen peroxide, 1800V 0.061 
Hydrogen peroxide, 2000V 0.060 
 
4.6.7 SKPFM studies of the titania 
 
 
In contrast to alumina, the relation VPD-thickness for titania is not linear and reaches a 
plateau. According to the previous works128, the charges in the film bulk are separated.  
On alumina, it was found that after annealing the VPD values tend to change and take a 
certain (equilibrium) level120, 127. This level is suggested to be the VPD value for an alumina film 
formed by thermal oxidation in air at the given annealing temperature. It is connected with low 
diffusion rate of ions in alumina at room temperature and increasing of it with temperature 
growth. In the case of titania, the ion migration rate seems to be higher in comparison to 
alumina, thus the values don’t significantly differ from the equilibrium level128.  
SKPFM maps were found to be different for electrodes prepared in different electrolytes. 
In hydrogen peroxide the VPD distribution seems to be smooth and uniform, similar to that on 
aluminium (fig 4.6.10).  
Increasing the applied voltage on the electrodes prepared in hydrogen peroxide doesn’t 
significantly change the map of the SKPFM, but the values of the Volta potential rise. In fig. 
4.6.11 the VPD-thickness plots are shown. It can be observed, that films prepared at potentials 
of 1400-1800V have approximately equal equilibrium level of Volta potential, while the films 
obtained at 2000V has the equilibrium VPD at higher level. Taking into account that preparation 
of the titania by the pulsed discharge method in the solutions of acids results in increment of the 
equilibrium level with rise of the dopant concentration128, it can be suggested that the increase 
of applied voltage higher than 1800V results in rise of the defects. 
Another effect which was found during the SKPFM studies of the titania was connected 
with aging of the oxide. On fig. 4.6.12 it can be found VPD-thickness plots obtained after 1, 4 
and 24 hours after preparation. It was found that with aging the VPD values tend to change to 
the equilibrium potential. In comparison with titania obtained in phosphoric acid128, oxides 
prepared in hydrogen peroxide tend to have faster relaxation speed. This can be connected with 
absence of dopant atoms and the corresponding number of defects that can play the role of 
charge traps. Furthermore, exposition under UV light for 10sec results in changing the Volta 
potential values. Thus, in the case of titania obtained in H2O2 the values were equal for all the 
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thicknesses, while on the samples prepared in H3PO4 there were minor differences. Influence of 
the aging on the VPD values of the samples prepared in different solutions will be discussed in 
later works. The results obtained on the samples above show that they can be used as a 
reference point for the study of surface properties of the titania. 
 
 
 
 
Figure 4.6.10 Topology (left) and measured potential distribution (right) on titania films 
with thickness 60 nm prepared by pulsed discharge anodisation in hydrogen peroxide.  
 
Figure 4.6.11. Dependence of Volta potential on the thickness of the titania prepared at 
different potentials and electrolytes 
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Figure 4.6.12. Dependence of Volta potential on the thickness of titania after 1, 4 and 24 
hours of film preparation. Titania was prepared by pulsed discharge anodisation at 1400V in 
hydrogen peroxide. 
4.6.8 Conclusions 
 
 
The films prepared by PPDO methods in impurity-free electrolytes have very similar 
structure to those obtained in conventional solution. In comparison with traditional potentiostatic 
or galvanostatic methods, PPDO allows to produce films in high resistance electrolytes with the 
same thickness as in conventional electrolytes. These films can be interesting as a reference 
point for further research of thin oxides on aluminium and titanium and possibly also on other 
metals. In comparison to the films prepared in conventional electrolytes by galvanostatic 
anodisation the films have less defective structure and more uniform charge distribution over 
the surface.  
Thin oxide films prepared on aluminium in water and hydrogen peroxide have s structure 
similar to that obtained in ammonium pentaborate. Alumina obtained in H2O2 at all the potentials 
have higher values of dielectric constant in comparison to those obtained in water. SKPFM 
shows uniform charge distribution over the surface. Such films can be interesting for the 
preparation of capacitors. Also, due to low number of defects and absence of dopant atoms 
they can be considered as reference point for further studies of alumina films.  
Preparation of titanium oxide in both electrolytes shows similar behaviour during the first 
discharges. However when thickness of the film achieves a certain value the growth rate of the 
coating significantly drops in pure water. This oxide thickness decreases with the increase of 
the applied voltage. SEM studies of the samples show, that after this critical thickness, the oxide 
starts to grow at the grain boundaries of the substrate. In hydrogen peroxide behaviour of the 
film growth is similar to that in conventional electrolytes. The EIS measurements on the titania 
anodic films prepared in both electrolytes have demonstrated that the pulsed discharge 
oxidation leads to the formation of single-layer compact anodic oxide film.  
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5 General conclusions 
 
Powerful Pulsed Discharge Oxidation (PPDO) is a novel method to prepare thin oxide 
films with properties quite different than those obtained by other conventional methods. It allows 
producing homogeneous low-defect anodic films up to ~200 nm thick on aluminium and titanium 
surface. The thickness values estimated by independent methods (EIS and TEM) were found to 
be in excellent agreement, which suggests a good homogeneity of these films.  
The work developed in the framework of this thesis that gave origin to the different 
papers intended in general to include the following points: 
 
1) Development and construction of the anodisation setup 
2) Preparation of the films by the PPDO technique and their comparison with oxides 
prepared by conventional methods. 
3) Study of the conditions (applied voltage, electrolyte concentration) that influence 
the characteristics of the obtained films.  
4) Investigation of the film growth kinetics under action of discharge. 
5) Preparation of films and structures by high voltage techniques that could not be 
obtained by conventional anodisation (due to high resistance of the electrolyte). 
 
 
Development and construction of the anodisation setup 
 
To prepare films by the PPDO technique a special setup was developed (3.1). In 
comparison with conventional anodisation, which is widely used for more than a century, the 
setup for PPDO is relatively unique and has several specificities. The charge accumulated by 
the capacitor bank in this setup is injected into the electrochemical cell. Low latency of the 
capacitor and switch and wide possibilities of oscilloscope allows to study kinetics of the pulsed 
discharges without limitation from the side of equipment. This system allows to produce films 
with desired thicknesses by controlling the number of pulses, capacitance and applied voltage. 
 
Preparation of the films by PPDO technique and their comparison with oxides prepared 
by conventional method. 
 
 
Thin films of titania and alumina were obtained by the PPDO technique in sulfuric acid 
and ammonium pentaborate respectively and compared with similar films obtained by 
conventional method. The EIS measurements on the titania anodic films prepared by the high-
voltage pulsed discharge method and the conventional galvanostatic anodisation have 
demonstrated that the impedance spectra are sensitive both to the space charge region 
developed in the oxide and to the anodic film structure that changes with the film thickness. The 
pulsed discharge technique leads to the formation of single-layer compact anodic oxide films. In 
contrast, the EIS spectra of the anodic films grown by the conventional galvanostatic method 
exhibit several time constants: a dense inner layer and a nanoporous outer one. These films 
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show a significantly lower photoelectrochemical activity at short wavelengths as compared with 
the films prepared in the pulsed regime. The concentration of the ionized donors estimated from 
Mott-Schottky plots for the relatively thin galvanostatically grown TiO2 films (70-120 nm) is 
significantly higher (by two orders of magnitude) than that in the coatings obtained by the pulsed 
discharge method. 
The, anodic alumina films prepared by the pulsed discharge method have more uniform 
surface structure and electrical properties and are less dependent on the initial surface 
condition than those prepared by the conventional anodisation. In the pulsed films, the 
embedded charges locate in narrower defect layers bordering the film interfaces. In this respect, 
the pulsed discharge alumina films appear to have better barrier properties than the respective 
anodic films produced by the conventional methods. 
The thickness of the oxide films prepared by high-voltage powerful pulsed discharge 
oxidation method can go up to 200-250 nm, depending on metal. After a certain thickness, the 
whole volume of the film cannot be completely ionized, and the mechanism of growth becomes 
similar to that in PEO process, what results in change of the properties of the film.  
The detailed results and discussion are presented in chapters 4.1 and 4.2. The 
corresponding papers (“Impedance behavior of anodic TiO2 films prepared by galvanostatic 
anodisation and powerful pulsed discharge in electrolyte” and “Anodic alumina films prepared 
by powerful pulsed discharge oxidation”) were published5, 127. 
 
 
Study of the conditions (applied voltage, electrolyte concentration) that influence 
the characteristics of the obtained films. 
 
 
Influence of the electrolyte concentration and applied voltage on the properties of the 
obtained films were studied. It was shown that increasing the phosphoric acid concentration in 
the electrolyte results in higher number of defects concentration in the film.  Also, it is found that 
the maximum thickness of the anodic film on aluminium obtained in deionised water increases 
with the rise of the applied voltage, but at voltages over 1800 V oxide films cannot be formed by 
both methods due to film breakdown. The concentration of dopant atoms in the films prepared 
by the high-voltage powerful pulsed discharge oxidation method is higher in comparison with 
those, obtained by the conventional galvanostatic method. At the same time the number of 
structure defects (dislocations, pores etc.) in such films are significantly less. Varying the 
concentration of electrolyte, the electronic properties of resulting titania films and the kinetics of 
their growth can be tuned for specific applications. The results are presented in chapters 4.3 
and 4.4., that correspond to papers “Titania films obtained by powerful pulsed discharge 
oxidation in phosphoric acid electrolytes” and “Aluminium anodisation in deionised water as 
electrolyte” already published 119-120. Two more papers (“Aluminium and titanium-aluminium 
nanorods encapsulated into oxide matrix by powerful pulsed discharge method” and “Powerful 
pulsed discharge oxidation of aluminium and titanium in hydrogen peroxide and distilled water”) 
are currently under submission. 
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Investigation of the film growth kinetics under action of discharge. 
 
Investigation of the film growth kinetics under action of discharge was performed in the 
frame of this part. Only 10% of the capacitor charge is consumed during the first microsecond 
(which corresponds to a current fall by more than 90% of the peak value) as follows from 
analysis of the discharge profile. The remaining 90% of charge is used during subsequent stage 
which lasts up to 0.5 s (depending on the thickness of the film). Thus, a pulsed discharge 
anodisation process can be conventionally divided into two stages where the first one (fast) is 
about 1 μs long, with the characteristic current magnitude of several kA/cm2. It is believed that 
the main process during the first stage is ionization of an oxide film (either native film or that 
formed by previous oxidation). During the second long stage, a new layer grows. In comparison 
to the conventional anodisation processes this growth occurs in much higher electrical field and 
a higher total charge is transferred in unit time. Studies of current evolution with time for 
different concentrations of electrolyte show that the shape of the current profile does not depend 
on the electrolyte conductivity. The main role in the discharge profile is played by the dopant 
concentration in the oxide film. Oxides with lower concentration of dopants have well defined 
stages of ionization and film growth, while in the case of films with a higher dopant 
concentration, the two stages merge. The growth of the oxide also occurs with a higher rate for 
the films with a higher concentration of dopants. Studies of kinetics of the discharge process on 
the metal-filled porous titania and alumina electrodes show that the shape of temporal current 
evolution profile does not depend on the oxide matrix composition. Increasing the applied 
voltage results in a current increment without changing the profile shape. Analysis of the current 
vs time plots show that only minor part of the charge is spent for the oxide growth and the only 
process is ionization of the oxide with its further melting. The results are presented in chapters 
4.3 and 4.4. The corresponding papers (“Titania films obtained by powerful pulsed discharge 
oxidation in phosphoric acid electrolytes” and “Aluminium anodisation in deionised water as 
electrolyte”) were published 119-120. 
 
Preparation of the films and structures by high voltage methods that could not be 
obtained by conventional anodisation. 
 
Preparation of titania and alumina were performed in deionised water, distilled water and 
hydrogen peroxide. In all electrolytes formation of the film by conventional electrochemical 
anodisation is impossible, due to high resistance of the media. However, it was found that 
formation of the films by application of high voltage is possible. The films prepared by high 
voltage anodisation methods in impurity-free electrolytes have very similar structure to those 
obtained in conventional solution. These films can be interesting as a reference point for further 
research of thin oxides on aluminium and titanium and possibly also on other metals. 
Also encapsulated metal nanostructures were obtained. It was shown that under action of 
the discharge with voltages less than 1600V, the top part of the porous coating melts, resulting 
in closing of the bulk of pores. Closing the titania nanotubes by this method is possible 
irrespective of the pore content. In the case of alumina nanoporous layer, only minor part of the 
pores can be sealed if they are empty. The results are presented in chapters 4.4, 4.5 and 4.6.  
Two papers (“Aluminium and titanium-aluminium nanorods encapsulated into oxide matrix by 
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powerful pulsed discharge method” and “Powerful pulsed discharge oxidation of aluminium and 
titanium in hydrogen peroxide and distilled water”) are currently under submission. 
 
 
 
6 Further work 
 
In the frame of current work anodisation of titanium and aluminium by powerful pulsed 
discharge oxidation was studied. However, many questions about the properties of the films 
obtained by this method, their potential and structure are still not answered.  
Further work will be divided in the following points: 
1) Study of films obtained on different valve and non-valve substrates. 
2) Anodisation in non-aqueous media, such as ionic liquids and deep eutectic solutions. 
3) Preparation of the coatings with embedded capsules and studies of pores sealing. 
In the first point, different valve and non-valve metals such as tantalum, zirconium, nickel 
and iron including their industrially important alloys will be tested as substrates for preparing the 
anodic films. The choice of these metals will be determined by their wide application in industry 
and medicine.  Different parameters of the pulsed anodizing process such as applied voltage, 
injected charge, anode-to-cathode surface area ratio, and the composition of electrolyte will be 
changed to obtain anodic films with tailored properties.  Different electrolytes (inorganic and 
organic acids, alkalis and inorganic salts) will be tested to prepare individual oxide and 
composite anodic films can be prepared according to point 3.  
Anodisation in non-aqueous media (point 2) can help to reveal the influence of the native 
oxide on the metals in the obtained films. Also, it is possible to create dense films on materials 
which are not stable in aqueous electrolytes. Finally, studies of the pore sealing in non-aqueous 
media can help to create complex coatings with encapsulated active metals which are not 
stable in air.  
Moreover, the PPDO technique allows to create other complex coatings. Thin oxide film 
deposition with certain properties without influence of the bulk substrate is a promising way of 
modification of material properties.  The metal deposited on the surface of semiconductors or 
insulators by different physical and physical-chemical methods will be oxidized by high-voltage 
pulsed anodizing. The influence of the ratio of metal film oxidized and anodic film thickness will 
be studied. The chemical and physical properties of such anodic oxides prepared by high-
voltage pulse and conventional galvanostatic methods will be compared.  
Application of high-voltage pulse to the porous oxide results in melting of the top layer of 
the pores and formation of a complex porous film with closed pores. Different materials can be 
deposited into pores: mesoporous silica, layered double hydroxides, magnetic materials and 
metals. Deposition into pores can be carried out by several methods: mechanical injection of the 
particles from the solution (different oxides, hydroxides or nanocontainers containing corrosion 
inhibitors), chemical synthesis of the oxides in the pores, electrochemical metal deposition in 
the pores from aqueous and nonaqueous solutions and vacuum deposition. Afterwards the 
pores can be sealed by high voltage pulsed discharge, resulting in their closure and capsules 
formation. 
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a  b  s t  r a c t
Anodic  titania  ﬁlms were  prepared on  titanium by  novel  powerful pulsed  discharge  technique which
confers extremely  high  rates of the  ﬁlm growth. Electrochemical  impedance  spectroscopy  (EIS) has been
used as a  main method  to study  the  structure and semiconductive  properties  of the  anodic  oxide  ﬁlms
grown in sulphuric acid  electrolyte.  The EIS results are  supported  with  microscopic observations  and
photoelectrochemical measurements. For  comparison,  the  properties  of the  anodic  ﬁlms  prepared  by
the  conventional  galvanostatic anodisation  in the same electrolyte  were  also  examined.  For  modeling
of the  impedance  spectra, different equivalent  circuits  taking into account the  effects  of  space  charge
region  and ﬁlm  structure were proposed.  Thinner anodic  ﬁlms  (d  ≈ 25 nm) prepared  by  both methods
demonstrate  a similar behaviour  characteristic of amorphous  barrier-type  oxide, whereas  a  very  signif-
icant  difference  in the  properties  of the  ﬁlms produced  by  the  two  different approaches was revealedhotocurrent for  thicker  ﬁlms  (d =  70–120  nm). The  discharge-prepared  ﬁlms in this  range  of thickness  are  composed
by one compact  layer  with  a  relatively  low concentration  of ionised  donors  (Nd =  (1–3) ×  1018 cm−3) esti-
mated from  Mott–Schottky  plots, whilst  the  conventional  galvanostatic  method leads to the  development
of  two-layer ﬁlms consisting  of an  inner compact  layer and  a nanoporous  outer  one. The latter  samples
exhibit a signiﬁcantly  reduced  photocurrent  response  at short  wavelengths  and  an essentially  higher
concentration of ionised donors  as compared  with  the  ﬁlms  obtained  by  the  pulsed  discharge method.. Introduction
Titanium and its alloys are  widely used in  different applications
wing to their good mechanical properties and a  high corrosion
esistance in various media [1–3]. The latter is provided by a  chem-
cally stable oxide ﬁlm which spontaneously forms on titanium.
lectrochemical oxidation (anodisation) of titanium and its alloys
rovides thicker oxide layers demonstrating improved protective
nd functional properties [4,5]. Thin ﬁlms of titania have very high
otential to  be used for fabrication of memristors [6].  The mem-
istance arises naturally in nanoscale systems in  which solid-state
lectronic and ionic transport are coupled under an external bias
oltage [7].  The thickness and defect structure of the titania ﬁlms
as a signiﬁcant effect on the memristance properties [6].It has been shown that the properties of the anodic ﬁlms on tita-
ium depend greatly on the conditions at which the ﬁlm is  grown
8–16]. One of the important factors affecting the characteristics of
∗ Corresponding author. Permanent address: Research Institute for Physical
hemical Problems, Belarusian State University, 220030 Minsk, Belarus.
E-mail addresses: poznyak@bsu.by, poznyak@ua.pt (S.K. Poznyak).
013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.05.064© 2012 Elsevier Ltd. All rights reserved.
the anodic ﬁlms is their growth rate. Blackwood and Peter reported
that the relative dielectric constant, ε, and defect concentration
proﬁles in  the oxide ﬁlm depend markedly on the ﬁlm growth rate
[11]. Ohtsuka and Otsuki revealed that the ε  value increases and the
ionised donor concentration decreases with increasing the growth
rate of the anodic ﬁlm on titanium [14]. The refractive index of
the anodic TiO2 ﬁlms was also found to  be smaller with the higher
growth rate [13].
Recently we have demonstrated the application of the high-
voltage pulsed discharge technique for creation of thin anodic ﬁlms
on titanium [17].  Under the action of single powerful electric dis-
charges in  electrolyte, extremely high rates (400–700 m/s) of  the
oxide ﬁlm growth were reached on the titanium anode. The growth
rate is  the fastest ever reported. The results of Auger depth proﬁl-
ing showed that the oxide ﬁlms prepared by the pulsed discharge
method are characterised by higher stoichiometry and more homo-
geneous distribution of basic elements (Ti  and O) through the ﬁlm
thickness in  comparison to the ﬁlms grown by the conventional
galvanostatic anodisation [17].  Moreover, enhanced photoelectro-
chemical activity was  revealed for the pulse discharge-prepared
ﬁlms motivating their further investigation. Also preparation of
oxide ﬁlms on pure aluminium electrodes using the powerful
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ulsed discharge technique was studied [18]. It was found that
ense one-layer alumina ﬁlms with thicknesses up to  200 nm can be
reated on the Al surface. Scanning Kelvin Probe Force Microscopy
SKPFM) measurements showed that the anodic alumina ﬁlms pre-
ared by  the pulsed discharge method have more uniform surface
tructure and electrical properties which are less dependent on the
nitial surface conditions than those of the ﬁlms prepared by the
onventional anodisation methods.
Electrochemical impedance spectroscopy (EIS) is a powerful
echnique for in  situ characterisation of various oxide ﬁlms on
etal surfaces. This technique was successfully applied to examine
nodic oxide ﬁlms on different valve metals such as Al [19–21],  Zr
22], Nb [23]. EIS was also used to characterise oxide ﬁlms on tita-
ium surface [24–40].  Blackwood [24] investigated the impedance
esponse from very thin (several nanometers) passive oxide ﬁlms
n titanium and showed that the contribution of the space charge
egion (SCR) formed in  the oxide layer must be taken into account
hen interpreting the impedance data. In  a  number of EIS stud-
es [29,30,34], impedance spectra of thin anodic ﬁlms on titanium
xhibit a  single time constant, which is indicative of a  uniform
ompact layer, whereas thicker ﬁlms tend to reveal a  second time
onstant in  the impedance spectra. In the latter case, the interpre-
ation of the EIS data was based on a  two-layer model of the oxide
lm composed by  a thin intact inner layer and a  porous outer layer
25,29–31,34,39,40].
In the present work, electrochemical impedance spectroscopy
as been used as the main method for characterisation of the
tructural features and semiconductive properties of novel anodic
xide ﬁlms formed on titanium at extremely high growth rates
nder the powerful pulsed discharges (hereafter referred to as PD
lms). For comparison reasons, impedance spectra recorded on the
lms grown by the conventional galvanostatic oxidation (hereafter
eferred to  as GS  ﬁlms) are also discussed. The photoelectrochem-
cal method as well as transmission electron microscopy (TEM)
ccompanied with electron diffraction were also applied for study-
ng the anodic oxide ﬁlms to support the selection of the equivalent
ircuits and the conclusions drawn from the EIS measurements.
. Experimental
Titanium plates (8  mm × 70 mm;  99.8% Ti) used as working
lectrodes were polished mechanically and then chemically in
F:HNO3 (1:3 by  volume) mixture to  mirror ﬁnish and ﬁnally
insed with deionised water. Part of the surface was  isolated with
poxy resin, giving an electrode working area of 6 cm2. The elec-
rochemical cell used for the pulsed discharge oxidation of Ti was
onstructed from high-impact polystyrene and consisted of a  tita-
ium anode placed in  the centre of a cylindrical Ti cathode with 20
imes larger surface area. 1 M H2SO4 aqueous solution (T =  25 ±  1 ◦C)
as used as an electrolyte. Electric discharges in the electrode sys-
em were generated using a  low-inductive 100 F capacitor bank
harged to a  deﬁnite voltage (1350 V)  which was commutated with
 low-inertial relay triggered by  a  synchronizing pulse. Duration of
ischarge was less than 20 s.  Conventional galvanostatic anodi-
ation of the titanium electrodes was performed in  the same cell
t a current density of 10 mA  cm−2 using a controllable dc power
upply.
The EIS measurements were performed using a  Gamry FAS2
emtostat with a  PCI4 Controller in a  105 down to 10−2 Hz fre-
uency range with a  step of 10 points per decade. Impedance
pectra were recorded applying a 10 mV  sinusoidal perturbation
t open circuit potential or at different potentials in  the range from
.8 V to −0.4 V vs. SCE. The EIS measurements were carried out at
oom temperature in a  conventional three-electrode cell consist-
ng of a saturated calomel reference electrode (SCE), a  platinuma Acta 76 (2012) 453– 461
foil as the counter electrode and the working electrode with an
exposed area of 1 cm2. The cell was  placed in a  Faraday cage to
avoid interferences with external electromagnetic ﬁelds. The work-
ing solution was  0.1 M acetate buffer (pH 6). To remove oxygen, the
solution was  purged with argon. Before the spectra recording, the
system was  allowed to attain a  stable open circuit potential or a
quasi-stationary current under potentiostatic polarisation. At least
two samples prepared under the same conditions were tested to
ensure reproducibility of the results. The impedance plots were
ﬁtted using different equivalent circuits by means of the Elchem
Analyst software from Gamry Inc.
Photocurrent spectra were recorded in a  quartz cell having an
optical quality window. A setup equipped with a  high-intensity
grating monochromator, a  1000 W xenon lamp and a slowly rotat-
ing light chopper (0.3 Hz) was used for monochromatic irradiation
of the working electrode. Photocurrent spectra were corrected for
the spectral intensity distribution at the monochromator output
measured by a calibrated thermocouple power meter.
TEM measurements were performed on a Hitachi H9000
transmission electron microscope at an acceleration voltage of
300 kV. Electron transparent sections for TEM with a  thickness
of 15 nm were cut using a  Leica Reichert Supernova ultrami-
crotome. To prepare the samples, titanium electrodes with an
oxide ﬁlm were embedded into resin and polished from the metal
side up to  a  thickness of 10–15 m,  and then they were re-
embedded into resin. A cut with a  width of 10 m was then made
using an ultramicrotome with a  glass knife. Obtained microrod
(10–15 m × 10 m ×  3–4 mm,  oxide is  on the one of faces) was
embedded once more into resin, perpendicular to  the cut, and
ﬁnally was  sliced with a diamond knife (Diatome 45◦).
3. Results and discussion
3.1. Anodic oxide ﬁlm formation
Upon the action of powerful electric discharge on the electrode
system, the extremely rapid growth of the oxide ﬁlm on titanium
anode surface is  observed. An electric charge of 0.0225 C cm−2 was
passed through the Ti electrode–electrolyte interface during one
discharge, resulting in  the formation of 25 nm thick anodic ﬁlm
as shown in our previous work [17]. The subsequent discharges
lead to step-wise increase in  the ﬁlm thickness visually observed
as a characteristic change of the interference colour. The colour
properties of anodic oxide ﬁlms on titanium have been previously
shown to originate from light interference [41]. The average thick-
ness of the obtained anodic ﬁlms was  estimated by the depth proﬁle
analysis using Auger electron spectroscopy as described in detail in
our previous work [17]. For relatively thick ﬁlms (120–170 nm) the
thickness values were also conﬁrmed by TEM observations (Fig. 1).
The ﬁlms obtained by the discharge approach appear to  be intact
and uniform.
For comparison, the anodic ﬁlms on titanium were also pre-
pared by the conventional galvanostatic anodisation in  the same
electrolyte at a current density (j) of 10 mA cm−2. The duration of
the galvanostatic anodisation was  chosen so that the thickness of
the GS  ﬁlms was coincident with that of the PD ﬁlms. This makes
possible more correct comparison of the properties of the anodic
ﬁlms prepared by these two methods. The anodizing ratio (the ratio
between the oxide ﬁlm thickness, d,  and the maximum ﬁlm forma-
tion voltage, Umax)  calculated for the galvanostatic growth of anodic
TiO2 ﬁlms was about 2.78 nm/V and slightly decreased down to
2.65 nm/V for the ﬁlms with d  >  120 nm.  This estimate is in  a good
agreement with the anodizing ratio values (2.5–3 nm/V) more com-
monly reported in literature for the titania anodic ﬁlms grown in
sulphuric acid solutions [8,10,37,41–43].
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iig. 1. Transmission electron micrographs of a cross section of the anodic TiO2 ﬁlm
ischarges (U =  1350 V;  C  =  100 F) were passed through the electrode system.
.2. EIS measurements
Fig. 2 shows the Bode plots obtained on the titanium electrodes
overed with GS and PD anodic oxide ﬁlms with different thickness.
he impedance spectra presented in Fig. 2 were measured at anodic
ias (0.6 V vs.  SCE). In  this potential region the EIS spectra of the
nodic ﬁlms, as will be  shown below, are  insigniﬁcantly changed
ith electrode potential. In a  wide range of thickness, impedance
pectra of the PD ﬁlms exhibit an almost pure capacitive response
one time constant) illustrated by a  phase angle close to −90◦ over
 wide frequency range from 103 to 0.1 Hz originated from capaci-
ance of the formed titania ﬁlm (Fig. 2a). Only at lower frequencies
oes the phase angle start to increase demonstrating the onset of
he resistive response originated from the resistance of the oxide
ayer.
The Bode plot of the thinnest (d ≈ 25 nm)  anodic ﬁlm produced
y the conventional galvanostatic technique exhibits quite similar
ehaviour and impedance values as compared with those of the
ulse discharge-prepared one with the same thickness (Fig. 2b). As
he ﬁlm thickness grows, a  second time constant begins to appear
n the EIS spectra of the GS ﬁlms at intermediate frequencies. This
elaxation process starts to be more pronounced and shifts gradu-
lly to  higher frequencies with ﬁlm thickening (Fig. 2b).
According to  the literature [25,29–31,34], the ﬁrst time constant
an be assigned to  the response from compact inner layer. Another
ime constant at intermediate frequencies is  related to the outer
orous layer. The formation of bilayer structure for the GS ﬁlms
s also supported using cross-sectional TEM analysis (Fig. 3). The
right ﬁeld image (Fig. 3a) demonstrates a  porous outer layer. Two
ayers are well distinct on the dark ﬁeld (Fig. 3b): outer layer is
omposed almost completely by amorphous oxide, whilst clearly
eﬁned crystallites (bright spots) can be found in  inner layer. These
lectron microscopy data are in  good agreement with the TEM
bservations presented by Jaeggi et al. [29]. Taking into account
his consideration, one may  assume that the anodic ﬁlms grown on
itanium by  the pulsed discharge method in a  wide range of thick-
ess is constituted by only one compact uniform oxide layer. This
uggestion is conﬁrmed by  TEM as shown in Fig. 1.
It is known that titanium dioxide ﬁlms prepared by anodis-
tion are not  simply a dielectric, but demonstrate well deﬁned
emiconductive behaviour [44,45].  Therefore, for these materi-
ls the inﬂuence of a  space charge region (SCR) formed at the
xide–electrolyte interface on the electrochemical impedance
pectrum can be appreciable [24,31,39,40].  To clarify this point
or both PD and GS anodic ﬁlms, the effect of the applied poten-
ial on the impedance spectra was studied. It is well known that
olarisation of a semiconductive ﬁlm leads to variation of its capac-
tance and, in turn, to modulation of the corresponding part of the
mpedance spectra. The modulation of the capacitance responsetitanium prepared by the powerful pulsed discharge method. Five (A) and ten (B)
under the variable polarisation is used as a  proof of correct assign-
ment of the corresponding part of the spectra to  the SCR [39,40].
The impedance spectra for the ﬁlms with different thicknesses were
acquired in  a potential range from −0.4 to 0.8 V for GS and PD ﬁlms
where the current values are very low (≤1–2 A cm−2), moving
from positive to negative potentials with a  0.2 V step.
The impedance spectra of 50 nm thick PD and GS  anodic ﬁlms
taken at different potentials are shown in Fig. 4.  The spectra depend
slightly on the electrode potential in  the region of positive bias. At
potentials below 0 V vs. SCE, a  distinct second time constant appears
in the spectra of the PD ﬁlms and a third time constant – in the spec-
tra of the GS ones (Fig. 4). This additional time constant is gradually
shifted to lower frequencies with increasing ﬁlm thickness. It is
important to  notice that the variation of the impedance spectra
with electrode potential is  reversible, i.e. after negative polarisa-
tion similar spectra can be observed again at positive potentials.
It is  evident that this relaxation process modulated by the applied
potential is  originated from the SCR response.
In order to take into account the structure of the anodic oxide
ﬁlms formed on titanium and possible contribution of  the space
charge region, different equivalent electric circuits (EEC) were
tested for ﬁtting the experimental impedance spectra. When choos-
ing an appropriate EEC describing the obtained impedance spectra
with a  minimum error and a minimum number of EEC elements,
physical signiﬁcance of the EEC parameters as well as their cor-
rect evolution with changing the electrode potential and TiO2 ﬁlm
thickness were taken into consideration.
The whole set of EIS data for PD ﬁlms can be satisfactorily ﬁt-
ted using the circuit (Fig. 5a) corresponding to  the Voight model
[46], where CPEsc and CPEb represent the space charge layer and
bulk ﬁlm constant phase elements and Rsol, Rsc and Rb –  the resis-
tances of electrolyte, space charge layer and bulk ﬁlm, respectively.
Impedance spectra of the GS ﬁlms were ﬁtted using a more complex
EEC shown in Fig. 5b, where CPEout and CPEin represent the constant
phase elements of the outer nanoporous layer and inner compact
layer and Rout and Rin – the resistance of the outer nanoporous layer
and inner compact layer of the ﬁlm, respectively. These equivalent
circuits were already reported in  the literature as adequate for ﬁt-
ting the EIS spectra of anodic titania layers obtained at different
conditions [39,40].
A constant phase element (CPE) instead of a  capacitor was used
in all ﬁttings presented in the work. Such modiﬁcation is  needed
when the phase angle of the capacitor is different from −90◦.  The
physical origin of the CPE has been widely discussed in  literature
[47,48].  The impedance of the CPE, ZCPE, depends on frequency, ω,
according to the following equation:
ZCPE = [Q (jω)n]−1 (1)
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here Q is a  parameter numerically equal to  the admittance (|Z|−1)
t ω = 1 rad s−1 and n ≤ 1 is a  power coefﬁcient calculated as ratio of
he phase angle at maximum of the corresponding time constant
o −90◦.  The capacitance values for the capacitive elements in the
quivalent circuit were calculated as described previously [49].
As seen from Fig. 6,  the ﬁtting curves show good agreement with
he experimental impedance spectra.
The representative results of impedance data ﬁtting for different
lectrode potentials are presented in  Tables 1 and 2 for 50 nm thick
D and GS ﬁlms, respectively. These data show that all the elements
f the equivalent circuits behave in a  consistent manner. The resis-
ance of the space charge region of both PD and GS ﬁlms is  highest
nd ranges from 10 to  70 M cm2 under positive bias, decreasing
igniﬁcantly at negative polarisation. The outer layer of the GS ﬁlms
as more than three orders of magnitude lower resistance, suggest-
ng the porous structure of this layer. The capacitance of the outer
nd inner layers depend noticeably less on the applied potential in
omparison with parameters of the space charge region. The elec-
rolyte resistance (several  cm2)  remains constant over the whole
otential range. The values of the exponent n range from 0.8 to 1
except nin for the GS ﬁlm), conforming thereby mainly capacitive
haracter of the CPE elements.
ig. 3. Bright ﬁeld (A) and dark ﬁeld (B) transmission electron micrographs of a cross sect
arts  on the dark ﬁeld TEM image show TiO2 nanocrystallites. The  inset (C) shows electroanium by pulsed discharge method (a) and galvanostatic anodizing (b). The spectra
The main objective of the performed impedance analysis was
to elucidate how the extremely fast growth of the titania ﬁlms
can inﬂuence the structure and semiconducting properties of the
anodic layers. The results clearly show that PD ﬁlms are constituted
by a single layer whilst the conventional GS ﬁlms are constituted
of outer porous and inner dense oxide layers. The semiconductive
properties of the anodic layers can be assessed by  analyzing the
impedance response from the space charge layer.
Fig. 7 presents the dependencies of the equivalent circuit param-
eters related to the SCR for the PD and GS anodic ﬁlms with different
thicknesses on the electrode potential. As seen from this ﬁgure, the
values of SCR resistance and SCR capacitance decrease and increase,
respectively, with decreasing electrode potential. As expected the
sharpest variation of the Rsc and Ccs values is observed in the nega-
tive potential region near the ﬂat band potential, Efb, in accordance
with the well known Mott–Schottky equation:
−2
(
2
)  (
kT
)Csc = eNdεεo
E − Efb − e (2)
where Nd is the ionised donor concentration for a  n-type semicon-
ductor, ε  the relative dielectric constant of the anodic ﬁlm, εo the
ion of the anodic TiO2 ﬁlm prepared by  galvanostatic anodizing (Umax = 64 V). Bright
n diffraction pattern from the TiO2 nanocrystallites.
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Fig. 4. Impedance spectra of the 50 nm thick anodic oxide ﬁlms formed on titanium by pulsed discharge method (a) and galvanostatic anodizing (b). The spectra were
measured at different potentials.
Fig. 5.  Equivalent circuits used for ﬁtting the impedance spectra of the anodic ﬁlms formed on titanium by pulsed discharge method (a) and galvanostatic oxidation (b).
Fig. 6. Impedance spectra measured at  electrode potentials of 0.6 and −0.2 V for 50 nm thick anodic titania ﬁlms formed by  pulsed discharge method (a) and galvanostatic
anodizing (b). Symbols are the experimental points; lines present the ﬁtting curves obtained using the equivalent circuits shown in Fig. 5. Dashed ovals indicate the positions
of  different time constants on the impedance spectra.
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Table 1
Equivalent circuit parameters and respective errors (in percents) obtained after ﬁtting the impedance spectra of 50 nm thick PD ﬁlm (Figs. 4 and 6) polarised at different
potentials. nsc and nb are the power coefﬁcients for the constant phase elements of SCR and bulk layer, respectively.
Applied
potentiala (V)
Rsol ( cm2) Rsc ×  10−6
( cm2)
CPEsc ×  106
(S sn cm−2)
nsc Rb ( cm2) CPEb × 106
(S sn cm−2)
nb
−0.2 3.7 ± 2.4% 18 ± 7.8% 4.3 ± 0.70% 0.92 ±  0.24% 140 ± 9.3% 9.2 ± 14% 0.88 ± 1.7%
0 3.8  ± 2.4% 40 ± 9.5% 2.4 ± 0.71% 0.95 ±  0.24% 110 ± 21% 22  ± 31% 0.87 ± 3.4%
0.6  3.9 ± 2.1% 56 ± 7.9% 1.6 ± 0.69% 0.97 ±  1.9% 8.0 ± 11% 27  ± 20% 1.0 ± 19%b
a Potential vs. SCE.
b High value of the error was obtained due to the limitation of the n.  Maximum value of CPE exponent is 1,  therefore higher values have no  physical meaning.
Table  2
Equivalent circuit parameters and respective errors (in percents) calculated by ﬁtting the impedance spectra of 50 nm thick GS ﬁlm (Figs. 4 and 6) polarised at  different
potentials. nsc, nout and nin are the power coefﬁcients for the constant phase elements of SCR, outer nanoporous layer and inner compact layer, respectively.
Applied
potentiala (V)
Rsol ( cm2)  Rout
( cm2)
CPEout × 106
(S sn cm−2)
nout Rin × 10−3
( cm2)
CPEin × 106
(S sn cm−2)
nin Rsc ×  10−6
( cm2)
CPEsc ×106
(S sn cm−2)
nsc
−0.2 4.0 ± 0.38% 31 ±  9.4% 1.6 ± 9.4% 1.0  ± 7.3%b 2.1 ± 17% 37  ±  26% 0.66 ± 5.5% 1.5  ± 3.7% 8.1 ± 1.9% 0.92 ±  0.96%
0  4.0 ± 0.45% 36  ± 17% 1.5 ± 12% 1.0  ± 11%b 3.7 ± 6.5% 34  ±  32% 0.60 ± 7.5% 26  ± 2.4% 5.6 ± 4.1% 0.93 ±  0.84%
0.6  3.9 ± 0.41% 62  ± 9.4% 1.5 ± 14% 1.0  ± 8.2%b 5.5 ± 6.6% 28  ±  36% 0.58 ± 8.4% 41  ± 2.7% 3.9 ± 3.8% 0.95 ±  1.2%
a
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pPotential vs. SCE.
b High value of the error was obtained due to the limitation of the n.  Maximum v
ermittivity of free space, E the electrode potential, k  the Boltzmann
onstant, T the temperature and e the charge of an electron.
It should be  noted that the validity of the simple Mott–Schottky
nalysis is unambiguously conﬁrmed only for classical single crys-
al or polycrystalline semiconductors. For thin anodic oxide ﬁlms
n valve metals, which are usually amorphous, the validity of
his analysis is  controversial [50,51]. Notwithstanding this fact,
he Mott–Schottky relationship has been used by  a  great num-
er of researchers for estimating semiconductive parameters of
hin anodic oxide ﬁlms on various valve metals such as titanium
11,14,24,31,37–40,44], niobium [52,53],  tin [54], tungsten [55]
ig. 7. Capacitance and resistance of the SCR for anodic titania ﬁlms formed by pulsed d
otential for different thicknesses of the ﬁlms.f CPE exponent is 1,  therefore higher values have no  physical meaning.
and others. All things considered, in the present work we used
the Mott–Schottky analysis for comparative reason to  compare the
semiconductive characteristics of the two  types (GS and PD) of the
anodic titania ﬁlms having similar thickness.
As seen from Fig. 8, the calculated C−2sc − E plots for both GS
and PD ﬁlms demonstrate a  loss of linearity in  the whole potential
range studied, and some decrease in the slope is  observed at
higher potentials. Such nonlinearity of the Mott–Schottky plots
has been previously found for titania anodic ﬁlms and discussed by
a number of researchers [8,11,14,37,38,56–59].  Different hypothe-
ses have been proposed to rationalise this behaviour: uniform
ischarge method (a) and galvanostatic anodizing (b) as a function of the electrode
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Fig. 8. Mott–Schottky plots, constructed from the data shown in Fig. 7, for anodic
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shifted to 325 nm (Fig. 10b). The similar short-wavelength decay
in the photocurrent spectra was reported previously for anodic
TiO2 ﬁlms [26,44,62,63] and associated with a sharp change in  the
ﬁlm structure (so called “ﬁlm breakdown”) occurring in a  deﬁniteitania ﬁlms formed by pulsed discharge method (a) and galvanostatic anodizing
b).
istribution of the donor concentration through the ﬁlm thickness
11], existence of multiple donor levels within the bandgap of
he oxide ﬁlm [57] and ﬁeld dependence of the relative dielectric
onstant of the oxide [58]. Moreover, at high positive potentials
he passive ﬁlm can be  totally depleted of charge carriers when the
pace charge region becomes comparable with the ﬁlm thickness
53,60].  Taking into account the heterogeneity and complexity of
he electronic structure of anodic ﬁlms on titanium, probably not
 single, but several above-mentioned factors can be responsible
or the nonlinearity of the Mott–Schottky plots.
For estimation of the ionised donor concentration we used
 linear portion of the C−2sc − E plots observed in  the potential
egion from −0.2 to  0.4 V. It is worth to mention that the SCR
apacitance values were obtained using analysis of the impedance
pectra in a wide range of frequencies. Moreover, the non-ideality
f the capacitance was taken into account employing the constant
hase element approach. Fig. 9 summarises the Nd values for the
nodic titania ﬁlms with different thicknesses, which was  esti-
ated from the Mott–Schottky plots assuming ε = 57 (the average
f frequently reported ε values for anodic oxide ﬁlms on titanium
8,14,26,37,44,51,61]).
High Nd values observed for galvanostatically grown TiO2 ﬁlms
>1019 cm−3)  are in  good agreement with the literature data
8,11,14,37,44,51,56–59,62]. The increase in the GS ﬁlm thickness
rom 25 to  100 nm leads to some rise in the ionised donor con-
entration. On further thickening of these ﬁlms the ionised donor
oncentration begins to  decrease. An essentially different situation
as revealed in the case of the anodic ﬁlms prepared by the pulsed
ischarge method. Surprisingly the relatively thin PD ﬁlms become
ess defective with increasing their thickness in  contrast to the GS
nes (Fig. 9). The ionised donor concentration for the 100 nm thick
D ﬁlm is  about two orders lower than that for the GS ﬁlm with
he same thickness. The further thickening of the PD ﬁlms leads toFig. 9. Evolution of the ionised donor concentration, Nd, calculated from the
Mott–Schottky plots, with thickness of the anodic oxide ﬁlms prepared by the  con-
ventional galvanostatic oxidation and the pulsed discharge method.
the increase in Nd,  which could correlate with the onset of the ﬁlm
crystallisation [17].
3.3. Photoelectrochemical spectroscopy measurements
Photocurrent spectroscopy is  the other useful in  situ technique
which was repeatedly applied to examine semiconducting charac-
teristics of titania anodic ﬁlms [26,44,45] and can be used to  support
the conclusions drawn from EIS results. We  applied this technique
to gain complementary information on the structural and semicon-
ducting properties of the PD and GS anodic oxide ﬁlms under study.
The photocurrent spectra recorded under anodic polarisation on
two different types of the ﬁlms are shown in Fig. 10.
For thinnest ﬁlms, apart a  small difference in the photocurrent
density, the spectrum for the GS ﬁlms is similar to that for the
PD ﬁlms exhibiting a  peak at 260 nm.  Further thickening of the GS
ﬁlm results in a  signiﬁcant drop of the photocurrent in  the short-
wavelength region of spectrum, and the photocurrent maximum isFig. 10. Photocurrent spectra of the anodic oxide ﬁlms with different thickness pre-
pared by the pulsed discharge method (a) and conventional galvanostatic anodizing
(b). Electrode potential: 0.8  V  vs. SCE.
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hickness range during the ﬁlm growth on titanium [44,62]. Since
hort-wavelength light with high-energy photons is absorbed close
o the ﬁlm surface, the photocurrent drop in the short-wavelength
egion can be related to the increased rate of recombination and
rapping of the photogenerated charge carriers in the more defec-
ive outer layer formed after the breakdown of the anodic ﬁlm.
n contrast to  the GS ﬁlms, the PD ﬁlms demonstrate consider-
bly smaller drop of photocurrent in  the short-wavelength region
f spectrum (260–300 nm)  and the photocurrent peak remains at
60 nm (Fig. 10a). These results indicate that the PD ﬁlms are essen-
ially more uniform and less defective than the GS  ﬁlms, which is
n good agreement with the EIS data.
For relatively thick GS ﬁlms (d ≥ 170 nm), the photocurrent
ncreases considerably, especially in  the short-wavelength region,
nd the photocurrent spectra again becomes to  be  similar to those
f the PD ﬁlms (Fig. 10).  Crystallisation of thicker GS and PD ﬁlms,
hich was previously evidenced by  Raman measurements [17],
nd related transformation of their semiconductor properties may
e responsible for this effect and for the observed changes of the
IS spectra. TEM measurements also testify that crystallisation of
he anodic titania ﬁlms occurs with increasing of their thicknesses
Fig. 3). On the dark ﬁeld image (Fig. 3b) there are a  lot of ﬁne
rystallites that appeared as a result of crystallisation of the amor-
hous oxide. According to  the electron diffraction patterns (Fig. 3c)
he crystalline phase is anatase. Habazaki et al. have reported that
natase crystallites develop in the inner anodic ﬁlm region, formed
y inward migration of oxygen species [64].
. Conclusions
The EIS measurements on the titania anodic ﬁlms prepared by
ovel high-voltage pulsed discharge method and the conventional
alvanostatic anodisation have demonstrated that the impedance
pectra are sensitive both to the space charge region developed in
he oxide and to the anodic ﬁlm structure changing with the ﬁlm
hickness. The pulsed discharge technique leads to the formation of
ingle-layer compact anodic oxide ﬁlms up to a thickness of 170 nm.
n contrast, the EIS spectra of the anodic ﬁlms grown by the conven-
ional galvanostatic method exhibit several time constants under
nodic polarisation for the ﬁlm thickness above 25 nm, indicating
 ﬁlm with two layers: a  dense inner layer and a  nanoporous outer
ne. These ﬁlms show a  signiﬁcantly lower photoelectrochemical
ctivity at short wavelengths as compared with the ﬁlms pre-
ared in the pulsed regime. The concentration of the ionised donors
stimated from Mott–Schottky plots for the relatively thin galvano-
tatically grown TiO2 ﬁlms (70–120 nm)  is signiﬁcantly higher (by
wo orders of magnitude) than that in the coatings obtained by the
ulsed discharge method. Only at thickness above 170 nm,  crys-
allisation of both types of the ﬁlms leads to the fact that their
emiconducting properties become similar.
The powerful pulsed discharge method can be considered as a
ery promising approach for preparation of thin anodic ﬁlms on
itanium offering lower defectiveness and enhanced photoelectro-
hemical response at short wavelengths.
cknowledgement
Financial support of FCT project PTDC/CTM/72223/2006 is  grate-
ully acknowledged.
eferences[1] R.W. Schutz, D.E. Thomas, Corrosion of titanium and titanium alloys, in:  J.R.
Davis Sr.  (Ed.), Metals Handbook, Corrosion, vol.  13, 9th ed., ASM, Materials
Park, Ohio, 1987, p.  669.
[2] M.  Long, H.J. Rack, Biomaterials 19 (1998) 1621.
[
[
[a Acta 76 (2012) 453– 461
[3] T.-L. Yau, Reactive and refractory alloys, in:  R.H. Jones (Ed.), Environmental
Effect on Engineered Materials, Marcel Dekker, New York, 2001, pp. 142–158
(Chapter 6).
[4] J. Lausmaa, B.  Kasemo, H. Mattsson, H. Odelius, Applied Surface Science 45
(1990) 189.
[5]  A. Cigada, M.  Cabrini, P.  Pedeferri, Journal of Materials Science: Materials in
Medicine 3 (1992) 408.
[6] K. Miller, K.S. Nalwa, A. Bergerud, N.M. Neihart, IEEE Electron Device Letters 31
(2010) 737.
[7] D.B. Strukov, G.S. Snider, D.R. Stewart, R.S. Williams, Nature 453 (2008)
80.
[8] S. Piazza, L. Calà, C. Sunseri, F. Di Quarto, Berichte der Bunsen-Gesellschaft fur
Physikalische Chemie 101 (1997) 932.
[9] M.V. Diamanti, M.P. Pedeferri, Corrosion Science 49 (2007) 939.
10] J.-L. Delplancke, R.  Winand, Electrochimica Acta 33 (1988) 1539.
11] D.J. Blackwood, L.M. Peter, Electrochimica Acta 34 (1989) 1505.
12] T. Shibata, Y.-C. Zhu, Corrosion Science 37 (1995) 253.
13] T. Ohtsuka, N.  Nomura, Corrosion Science 39 (1997) 1253.
14] T. Ohtsuka, T.  Otsuki, Corrosion Science 40 (1998) 951.
15] M. Mikula, J. Blecha, M. Cˇeppan, Journal of the Electrochemical Society 139
(1992)  3470.
16] M.R. Kozlowski, P.S. Tyler, W.H. Smyrl, R.T. Atanasoski, Surface Science 194
(1988) 505.
17] S.K. Poznyak, D.V.  Talapin, A.I. Kulak, Journal of Electroanalytical Chemistry 579
(2005) 299.
18] A.D. Lisenkov, A.N. Salak, S.K. Poznyak, M.L. Zheludkevich, M.G.S. Ferreira, Jour-
nal  of Physical Chemistry C 115 (2011) 18634.
19] J.J. Suay, E. Giménez, T.  Rodríguez, K. Habbib, J.J. Saura, Corrosion Science 45
(2003) 611.
20] K. Bonnel, C. Le Pen, N. Pebere, Electrochimica Acta 44 (1999) 4259.
21] A. Girginov, A.  Popova, I.  Kanazirski, A.  Zahariev, Thin Solid Films 515 (2006)
1548.
22] J.A. Bardwell, M.C.H. McKubre, Electrochimica Acta 36 (1991) 647.
23] F. Di Quarto, S. Piazza, C. Sunseri, Electrochimica Acta 35  (1990) 99.
24] D.J. Blackwood, Electrochimica Acta 46  (2000) 563.
25] J. Pan, D. Thierry, C. Leygraf, Electrochimica Acta 41 (1996) 1143.
26] J. Marsh, D. Gorse, Electrochimica Acta  43  (1998) 659.
27] J.R. Birch, T.D. Burleigh, Corrosion 56  (2000) 1233.
28] M.E.P. Souza, M.  Ballester, C.M.A. Freire, Surface and Coatings Technology 201
(2007) 7775.
29] C. Jaeggi, P. Kern, J. Michler, T.  Zehnder, H. Siegenthaler, Surface and Coatings
Technology 200 (2005) 1913.
30] A.G. Mantzila, M.I. Prodromidis, Electrochimica Acta 51 (2006) 3537.
31] N. Ibris¸ ,  J.C. Mirza Rosca, Journal of Electroanalytical Chemistry 526 (2002)
53.
32] J.E.G. González, J.C.  Mirza Rosca, Journal of Electroanalytical Chemistry 471
(1999) 109.
33] C. Fonseca, M.A. Barbosa, Corrosion Science 43  (2001) 547.
34] S.A. Fadl-Allah, R.M. El-Sherief, W.A. Badawy, Journal of Applied Electrochem-
istry 38 (2008) 1459.
35] A.W.E. Hodgson, Y. Mueller, D. Forster, S. Virtanen, Electrochimica Acta 47
(2002) 1913.
36] T.M. Silva, J.E. Rito, A.M.P. Simões, M.G.S. Ferreira, M.  da Cunha Belo, K.G.
Watkins, Electrochimica Acta 43  (1998) 203.
37] M. Schneider, S. Schroth, J. Schilm, A.  Michaelis, Electrochimica Acta  54 (2009)
2663.
38] W.  Simons, A.  Hubin, J. Vereecken, Electrochimica Acta 44 (1999) 4373.
39] S.V. Gnedenkov, S.L. Sinebryukhov, Russian Journal of Electrochemistry 41
(2005) 858.
40] S.V. Gnedenkov, S.L. Sinebryukhov, V.I. Sergienko, Russian Journal of Electro-
chemistry 42 (2006) 197.
41] S. Van Gils, P.  Mast, E. Stijns, H.  Terryn, Surface and Coatings Technology 185
(2004) 303.
42] G. Blondeau, M. Froelicher, M.  Froment, A. Hugot-Le Goff, Thin Solid Films 42
(1977)  147.
43] M. Kozlowski, W.H. Smyrl, L.J. Atanasoska, R. Atanasoski, Electrochimica Acta
34  (1989) 1763.
44] J.F. McAleer, L.M. Peter, Faraday Discussions 70 (1980) 67.
45] U. Stimming, Electrochimica Acta  31  (1986) 415.
46] D. Vladikova, G. Raikova, Z. Stoynov, H. Takenouti, J. Kilner, St. Skinner, Solid
State Ionics 176 (2005) 2005.
47] P. Zoltowski, Journal of Electroanalytical Chemistry 443 (1998) 149.
48] G. Láng, K.E. Heusler, Journal of Electroanalytical Chemistry 457 (1998)
257.
49] C.H. Hsu, F.  Mansfeld, Corrosion 57 (2001) 747.
50] F. Di  Quarto, C. Sunseri, S. Piazza, Berichte der Bunsen-Gesellschaft fur
Physikalische Chemie 90 (1986) 549.
51] C. Fonseca, M.G. Ferreira, M.C. Belo, Electrochimica Acta 39 (1994) 2197.
52] W.A. Badawy, Journal of Applied Electrochemistry 20 (1990) 139.
53] A.I. de Sá, C.M. Rangel, P.  Skeldon, G.E. Thompson, Portugaliae Electrochimica
Acta 24 (2006) 305.
54] M. Metikosˇ-Hukovic´, S. Omanovic´, A. Jukic´, Electrochimica Acta 45  (1999)
977.
55] J. Sikora, E. Sikora, D.D. Macdonald, Electrochimica Acta 45  (2000) 1875.
56] J.W. Schultze, U. Stimming, J. Weise, Berichte der Bunsen-Gesellschaft fur
Physikalische Chemie 86  (1982) 276.
chimic
[
[
[
[
[
[S.K.  Poznyak et al. /  Electro
57] E.-J. Lee, S.-I. Pyun, Journal of Applied Electrochemistry 22 (1992) 156.
58] K.D. Allard, M.  Ahrens, K.E. Heusler, Werkstoffe und Korrosion 26 (1975) 694.
59] D. Zane, F. Decker, G. Razzini, Electrochimica Acta 38 (1993) 37.
60] S.U.M. Khan, W.  Schmickler, Journal of Electroanalytical Chemistry 108 (1980)
329.
61] T. Hurlen, S. Hornkjol, Electrochimica Acta 36 (1991) 189.
[
[a Acta 76 (2012) 453– 461 461
62] J.F. McAleer, L.M. Peter, Journal of the Electrochemical Society 129 (1982)
1252.
63] K. Leitner, J.W. Schultze, U. Stimming, Journal of the Electrochemical Society
133  (1986) 1561.
64] H. Habazaki, M. Uozumi, H. Konno, K. Shimizu, P.  Skeldon, G.E. Thompson,
Corrosion Science 45 (2003) 2063.
Published: August 22, 2011
r 2011 American Chemical Society 18634 dx.doi.org/10.1021/jp2050542 | J. Phys. Chem. C 2011, 115, 18634–18639
ARTICLE
pubs.acs.org/JPCC
Anodic Alumina Films Prepared by Powerful Pulsed Discharge
Oxidation
Aleksey D. Lisenkov,† Andrei N. Salak,† Sergei K. Poznyak,‡ Mikhail L. Zheludkevich,*,†
and Mario G. S. Ferreira†
†Department of Ceramics and Glass Engineering/CICECO, University of Aveiro, 3810-193, Aveiro, Portugal
‡Institute for Physical Chemical Problems, Belarusian State University, 220050, Minsk, Belarus
1. INTRODUCTION
Thin ﬁlms of aluminum oxide have found important applica-
tions in electronic industry and corrosion protection because
of their relatively high dielectric constant and ultralow conduc-
tivity as well as high corrosion resistance and good thermal and
mechanical stability.1 These properties also make aluminum
oxide ﬁlms promising for novel applications in microelectronics.
Thin alumina layers are used as dielectrics in integrated capaci-
tors with ultrahigh capacitance density.2 Films of Al2O3 are also
considered as replacements for SiO2 in semiconductor devices.
3,4
The conventional anodization methods allow production of
alumina ﬁlms of controlled thickness and quality.57 In some
cases, for example, in production of electrolytic capacitors and
anticorrosion protection of aluminum and its alloys, anodization
is combined with other oxidation methods.8,9
The relatively new electrochemical treatment technique being
widely applied to lightweight metals is plasma electrolytic oxida-
tion (PEO).10 PEO operates at potentials above the breakdown
voltage of an oxide ﬁlm growing on the metal surface (typically,
120350 V for aluminum). In the course of a PEO process, the
multiple discharge channels, where the oxidation actually occurs,
are created. Continuous formation and healing of pores and
cracks (which are the natural discharge channels) is the essential
feature of the process.11,12 Therefore, the porous outer layer is
the typical attribute of a PEO coating at any stage of its growth.
Owing to the features of the technique, PEO coatings grow
nonuniformly and are characterized by high roughness. More-
over, it was revealed from study of coating formed by PEO of
aluminum that even the densest inner (next to the metal)
alumina layer contains numerous defects.13 PEO is certainly
promising for corrosion and wear protection of aluminum and
alloys and is inapplicable for production of thin (nanoscale)
dielectric alumina ﬁlms.
A new electrochemical technique of powerful pulsed discharge
oxidation of metals has recently been reported.14 In this tech-
nique, electrochemical reaction occurs at the metalelectrolyte
interface under the action of single high-voltage (>1.3 kV) pulses.
The most important diﬀerence of this technique from the
conventional galvanostatic and potentiostatic anodization meth-
ods is an extremely high rate of the ﬁlm growth. In principle,
owing to plasmathermochemical interactions at the electrode/
electrolyte interface during a high-voltage electric discharge, both
pure oxide ﬁlms and doped ones can be easily produced (which is
similar to the features of PEO). Only titania ﬁlms prepared using
the powerful pulsed discharge oxidation have been reported.14
Since anodic TiO2 is semiconductor and Al2O3 is dielectric, the
surface properties of the respective ﬁlms are expectedly diﬀerent.
The potential measured on a metal surface is known to be
an important characteristic of the covering oxide ﬁlm since the
potential reﬂects its physical properties.1518 The measured
potential consists of the contact potential and that induced
by embedded charges (induced potential). Opposite charges
Received: May 30, 2011
Revised: August 8, 2011
ABSTRACT: A novel powerful pulsed discharge anodization
technique has been applied to prepare dense, homogeneous
oxide ﬁlms of 16180 nm thick on aluminum surface. The
Volta potential diﬀerence (VPD) of the obtained ﬁlms was
studied by scanning Kelvin probe force microscopy. The VPD
value was measured as a function of the ﬁlm thickness and was
compared with the similar dependences for the anodic alumina
ﬁlms prepared by the conventional galvanostatic and potentio-
static methods. The anodic ﬁlms present polarization because of
the embedded charges localized near the ﬁlm interfaces. It was
shown that despite the apparent diﬀerences in the respective anodization processes, the pulsed discharge ﬁlms demonstrate the
magnitude of polarization which is entirely comparable with that of the conventional anodic alumina ﬁlms of the same thickness. At
the same time, the pulsed discharge ﬁlms are characterized by more uniform surface structure and electrical properties. The
characteristic features of the ﬁlms such as their fast growth and homogeneity have been considered in terms of the processes
occurring at the powerful pulsed discharge.
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localized near the counter interfaces create polarization of a ﬁlm.
Character of the charge distribution and, as a result, the
magnitude of polarization of anodic alumina ﬁlms have been
found to be aﬀected by anodization conditions.4,5,1921 In
particular, Hickmott has shown4,19 that the charge contributing
to the polarization depends on the nature of the anodizing
electrolyte. Lambert et al.20 associated a permanent polarization
of thin anodic alumina layers with the charges trapped by the
structural defects created during the anodization process. An
electrostatic force microscope and a Kelvin probe were applied to
measure the potential induced by these embedded charges.20 It
was found that application of potentiostatic stage to the layers
prepared using galvanostatic anodization results in signiﬁcant
increase of their polarization. Scanning Kelvin probe force
microscopy (SKPFM) has recently been used to study electrical
properties of oxidized aluminum surface since changes in Volta
potential diﬀerence (VPD) measured by SKPFM are caused by
changes in the induced potential.21
SKPFM is a promising method to study surface electrical
properties.22,23 In comparison with the conventional scanning
Kelvin probe (SKP), it combines capabilities of both SKP and
atomic force microscopy and provides much higher resolution
when mapping the local electrical properties of a surface. The
Kelvin probe methods are based on measurement of VPD
between a surface and a reference electrode. In the SKPFM
technique, VPD corresponds to the voltage that nulls the
oscillations of the cantilever, while in the SKP method, it is equal
to the voltage applied to null inducted currents between elec-
trode and surface.17,24 It was shown16,2528 that the VPD
distribution observed in some metals correlates with their corro-
sion potential. Thus, in spite of some restrictions of the technique
related to impact of topography, probesurface interactions, and
others,17,18 SKPFM is a valuable tool for nanoscale surface
studies.
In the present work, thin oxide ﬁlms on aluminum surface
were prepared by the powerful pulsed discharge anodization.
Peculiarities of the pulsed discharge process and their impact on
the growth and the resulting properties of the alumina ﬁlms were
considered. Morphology and VPD of the ﬁlms were character-
ized using transmission electron microscopy (TEM), electro-
chemical impedance spectroscopy (EIS), and SKPFM facilities.
VPDmeasured as a function of the ﬁlm thickness was analyzed in
comparison with the VPD thickness dependences previously
reported for the alumina ﬁlms prepared using the conventional
galvanostatic and potentiostatic methods.
2. EXPERIMENTAL SECTION
The electrochemical cell used for the pulsed discharge oxida-
tion of aluminum was made of high-impact polystyrene and
consisted of a plate Al anode (Goodfellow, 99.999%) with a
working surface of 5 cm2 placed inside a cylindrical Ti-foil
cathode (Alfa Aesar, 99.7%) with 20 times larger surface area.
Titanium was chosen as a cathode material because of its high
strength and chemical stability. Both electrodes were mechani-
cally polished using emery papers up to grid 4000. The titanium
electrode was then chemically polished in a HF:HNO3 (1:3 by
volume) mixture, while the aluminum plate was electrochemi-
cally polished in a C2H5OH:HClO4 (4:1 by volume) electrolyte
in potentiostatic regime at 20 V to mirror ﬁnish. After polishing,
both electrodes were rinsed with deionized water.
A 0.1 M ammonium pentaborate ((NH4)2B10O16) aqueous
solution was used as the electrolyte for comparison reasons since
alumina ﬁlms prepared by the conventional anodizationmethods
in that electrolyte are well-studied.5,7,29,30 Electric discharges
between the electrodes were generated using a low-inductivity
100 μF capacitor bank charged to a deﬁnite voltage (1400 V).
The capacitor was commutated to the cell using a low-inertial
relay triggered by a synchronizing pulse. To prepare the ﬁlms
with diﬀerent thicknesses, the capacitor was discharged through
the electrochemical cell from 1 to 15 times. Timecurrent
characteristics of discharges were recorded using a Tektronix
DPO7054 oscilloscope connected to the system and were
synchronized with trigger.
The EIS measurements were performed using a Gamry FAS2
femtostat with a PCI4 controller in a frequency range from 105 to
103 Hz with seven points per decade. The measurements were
carried out at room temperature in a conventional three-elec-
trode cell consisting of a mercurymercurous sulfate reference
electrode, a platinum foil as the counter electrode, and the
working electrode with an exposed area of 1 cm2. Impedance
spectra were recorded applying a 10 mV sinusoidal perturbation
at the open-circuit potential. The cell was placed in a Faraday
cage to avoid interference with external electromagnetic ﬁelds.
The testing electrolyte was 0.1 M ammonium pentaborate.
Before recording the spectra, the system was allowed to attain
a stable open-circuit potential. At least two samples prepared at
the same conditions were tested to ensure reproducibility of the
results. The impedance plots were ﬁtted using equivalent circuits
by means of the Echem Analyst software from Gamry Inc.
Some of the anodized samples were annealed at 300 C for 3 h
followed by quenching in air down to room temperature. A
heating rate of 5 C/min was applied. SKPFM measurements
were performed on all the samples both before and after heat
treatment.
TEM study was carried out using a Hitachi H9000 transmis-
sion electron microscope at acceleration voltage of 300 kV.
Electron transcendent sections of the samples for TEM were
cut with a Leica Reichert Supernova ultramicrotome.
Digital Instruments Nanoscope III atomic force microscope
with conductive PtCr probes (Budget Sensors) was used for
SKPFM measurements. The measurements were performed in
Figure 1. Time evolution of the current through aluminum electrode
during the ﬁrst 4μs. The inset shows schematically a proﬁle of the pulsed
discharge as a whole. The dashed area represents the total charge passed
through the electrode.
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several areas of at least two samples of the same thickness. The
obtained VPD values are presented versus the Volta potential
values measured on Ni as a reference.
3. RESULTS
A series of samples with the pulsed discharge anodic alumina
layers were prepared applying 1, 2, 3, 5, 10, and 15 pulses. A
typical current pulse through the electrochemical cell during the
discharge oxidation of aluminum is shown in Figure 1. As
opposed to pulsed oxidation of titanium,14 no change in the
discharge proﬁles recorded during the ﬁrst microseconds of each
pulse is observed: the ﬁrst and the following discharge peaks are
essentially similar.
The thickness of the alumina ﬁlms prepared by the pulsed
discharge anodization was evaluated from EIS measurements.
EIS spectra of the obtained ﬁlms are shown in Figure 2. All the
spectra demonstrate a broad relaxation process described by one
time constant. This relaxation can be assigned to capacitance of
the dielectric oxide ﬁlms. The spectra were ﬁtted using a simple
equivalent circuit with one parallel RC element for description
of oxide ﬁlm and an additional R element connected in series for
the electrolyte resistance. A high-quality ﬁt was achieved as seen
in Figure 2. The thickness of the ﬁlms was calculated using a
plane capacitor model and the capacitance values derived from
the EIS spectra. The dielectric constant value of alumina for the
calculations was taken to be 9.31
It was found that the thickness (d) of the pulsed discharge
ﬁlms as a function of the number of applied pulses (N) obeys well
an empirical equation
d ¼ d0Nα ð1Þ
where d0 = 16 nm andα = 0.9. A power law is known to describe a
constant growth rate process: the relative incrementΔd/d of the
ﬁlm thickness is proportional (with a factor of 0.9) to the relative
increase ΔN/N of the number of pulsed discharges.
The thickness values calculated from the EIS spectra were
veriﬁed by the TEM measurements. Figure 3 shows the cross
sections of the aluminum electrodes anodized by application of
3 and 10 discharge pulses. The obtained alumina ﬁlms were
measured to be 46 ( 2 and 127 ( 2 nm thick, respectively
(cf. 45( 2 and 125( 2 nm found from the EIS data), and were
uniform along the sections. It was also revealed from the TEM
study that all the ﬁlms obtained by high-voltage pulsed discharge
anodization (115 pulses) were smooth, dense, and free of
microdefects. However, attempts to produce thicker alumina
ﬁlms failed. The ﬁlms formed by application of 18 and more
pulsed discharges demonstrated typical signs of point electrical
breakdown. In those points, the underlying aluminum surface
was also aﬀected. Thus, the maximal thickness of a dense and
homogeneous alumina ﬁlm which can be produced using the
pulsed discharge anodization method with the above-described
conditions is about 200 nm.
Figure 4 shows typical surface topography and the VPD map
of the aluminum sample before and after 10 pulsed discharges
which correspond to a native alumina layer (about 1 nm thick)
and an anodic ﬁlm (∼127 nm), respectively. One can see that no
visible change of topography occurs as a result of the anodization
process, while the average VPD increases from about1.28 V to
+6.33 V (hereafter versus a Ni reference). Also, scatter of the
VPD values in the typical SKPFM scans of the alumina ﬁlms
prepared by pulsed discharge technique is generally smaller than
that observed in the ﬁlms produced by the conventional anodiza-
tion methods.21 This suggests that in spite of the discrete
character of the deposition methods (layer by layer) the pulsed
discharge ﬁlms have uniform properties. Furthermore, it follows
from comparison of both surface topography and VPD maps of
the anodic alumina ﬁlms prepared by diﬀerent methods that in
the case of the pulsed discharge anodization the resulting ﬁlm
Figure 2. Bode plots of the oxide ﬁlms formed on aluminum surface as a
result of pulsed discharge anodization; solid lines represent the ﬁtting
results.
Figure 3. TEM cross sections of the aluminum samples anodized by
application of (a) 3 and (b) 10 discharge pulses which resulted in
formation of anodic alumina ﬁlms of 46 ( 2 and 127 ( 2 nm thick,
respectively.
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quality is less dependent on the initial state of aluminum surface.
Pulsed discharges evidently smooth out imperfections of the
charge distribution caused by surface defects.
Dependence of VPD on thickness of the pulsed discharge
ﬁlms is presented in Figure 5. As in the case of the anodic alumina
ﬁlms prepared by the conventional methods, this dependence is
also described well with a linear function.20,21 The slope value
(ΔV/Δd) obtained for the pulsed discharge, 0.059 ( 0.003 V/
nm, is slightly higher than those previously found for the most
polarized ﬁlms produced by combination of the galvanostatic and
potentiostatic methods (cf.∼0.052 and 0.055 V/nm reported by
Lambert et al.20 and Yasakau et al.,21 respectively). However,
taking into account a typical data spread of SKFPM measure-
ments, all the above-mentioned values ΔV/Δd are equal within
the limits of experimental error. Thus, the magnitude of polar-
ization of the alumina ﬁlms prepared by the pulsed discharge
method is comparable with that observed in the conventional
anodic ﬁlms of the same thickness. It can be suggested that
Figure 4. Maps of the surface topography (left) and Volta potential diﬀerence (right) of the aluminum sample (a, b) before and (c, d) after the pulsed
discharge anodization procedure (10 pulses applied).
Figure 5. Volta potential diﬀerence versus thickness of the alumina
ﬁlms prepared by pulsed discharge anodization method before (solid
squares) and after (open circles) annealing at 300 C. The inset shows
magniﬁcation of the plot for the thickness range of 145 nm. The
reference levels corresponding to the measured VPD values for the
untreated aluminum sample and the nonanodized sample thermally
oxidized at 300 C are indicated.
Figure 6. Schematic representation of charge distribution in alumina
ﬁlm polarized as a result of anodization: (a) after Nth pulsed discharge,
(b) during the ﬁrst step of the discharge (in a ﬁeld of ∼109 V/cm), and
(c) after (N + 1)th pulsed discharge . Provided the same charge is
embedded, the induced potential is proportional to the ﬁlm thickness, d.
Charge distribution in the pulsed discharge ﬁlms is suggested to be
essentially similar to that in the ﬁlms produced by combination of the
galvanostatic and potentiostatic methods.21
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despite the apparent diﬀerences in the anodization methods their
ﬁlm growth mechanisms and hence the associated eﬀects which
result in the polarization of the ﬁlms are inherently the same.
Because of the speciﬁcity of oxidation of a metal surface, the
layers bordering the interfaces are characterized by structure
imperfections: vacancies4 and incorporated species (e.g., from
electrolyte),20 and thereby are the most defective regions of the
oxide ﬁlm. It has been accepted that polarization of an anodic ﬁlm
is caused by charge carriers (mainly by electrons and Al ions)
trapped by these defects.20,21 These defects and, accordingly, the
embedded charges are distributed throughout a ﬁlm with the
maximal charge density near the metal/oxide and oxide/air
interfaces as shown in Figure 6a, c.
Annealing of the as-prepared anodic alumina ﬁlms was shown
to lead to a release of their polarization owing to reduction of the
number of defects20 and to the relaxation of the charge.32 It has
recently been revealed21 that on annealing, the measured VPD of
the anodic ﬁlms tends to the certain (equilibrium) level inde-
pendent of the ﬁlm thickness. This level is suggested to be the
VPD value for an alumina ﬁlm formed by thermal oxidation in air
at the given annealing temperature. VPD of the pulsed discharge
ﬁlms annealed at 300 C was found to be 0.69 ( 0.05 V
(Figure 5). Annealed ﬁlms prepared by combination of the
galvanostatic and potentiostatic methods demonstrated 0.75 (
0.05 V.21 Thus, the VPD value of the annealed pulsed discharge
ﬁlms is closer to the equilibrium level (which is around 0.55 V)
measured in the non-anodized aluminum sample annealed at
300 C than that of the conventionally prepared anodic ﬁlms
annealed at the same temperature. It was suggested21 that the
equilibrium level is not reached because of residual defects (which
do not disappear after annealing). When the concentration of
defects in some anodic ﬁlms is higher or when their distribution is
wider, the number of residual defects is also higher. Correspond-
ingly, the VPD value of this ﬁlm after annealing will be further from
the equilibrium level at the given annealing temperature.
4. DISCUSSION
The presented results demonstrate certain diﬀerences in
properties between the alumina ﬁlms formed using the pulsed
discharge anodization and the respective anodic ﬁlms prepared
by the conventional methods. Their characteristic features are
likely to result from speciﬁcity of the used anodization method.
Thus, the pulsed discharge anodization process certainly needs to
be considered in more detail.
Only 10% of the capacitor charge is consumed during the ﬁrst
microsecond (which corresponds to a current fall of more than
90% of the peak value) as follows from an analysis of the
discharge proﬁle (see inset in Figure 1). The remaining 90% of
charge is used during the subsequent stage which lasts up to 0.5 s
(depending on the thickness of the ﬁlm). Thus, a pulsed
discharge anodization process can be conventionally divided into
two stages where the ﬁrst one (fast) is about 1 μs long with the
characteristic current magnitude of several kA/cm2. It is believed
that the main process during the ﬁrst stage is ionization of an
oxide ﬁlm (either native ﬁlm or that formed by previous
oxidation). During the second (long) stage, a new layer grows.
In comparison to the conventional anodization processes, this
growth occurs in a much higher electrical ﬁeld and a higher total
charge is transferred in unit time. That is why at the pulsed
discharge anodization the ﬁlm growth rate is higher than in the
case of any conventional method.
It seems reasonable to suggest that the discharge proﬁle is
determined by the electrical conduction of a growing anodic
oxide ﬁlm. In particular, the discharge can be expected to
terminate faster in the case of a more conductive layer. Typical
duration of the second stage at pulsed discharge anodization of
titanium (anodic TiO2 is a semiconductor) was found to be
several times shorter14 than that observed when preparing the
respective anodic alumina (which is dielectric). Thus, during the
second stage, the pulsed discharge alumina ﬁlm is likely to have a
signiﬁcant impedance, which suggests a low concentration of the
point defects and the trapped charge carriers in at least the inner
part of the ﬁlm.
No boundary between the layers formed by subsequent pulsed
discharges has been observed by TEM (Figure 3). The ﬁlms
were found to be homogeneous regardless whether they were
obtained by application of one or a number of pulses. The
respective EIS spectra characterized by one time constant
(Figure 2) conﬁrm uniformity of the properties across the ﬁlm
suggesting no separation to internal sublayers. Thus, the pre-
history (amount of the previous pulsed discharges which is equal
to the number of the deposited layers) seems to be inessential
(Figure 6) when the ﬁlm thickness is below the maximal value
(∼200 nm). To assume a state of the ﬁlm at the ﬁrst stage of the
pulsed discharge, energy of the electrostatic ﬁeld in the ﬁlm and
its ionization energy were compared. The density of the electro-
static energy (UE) in a ﬁlm can be calculated using the expression
UE ¼ 12ε0εE
2 ¼ ε0εV
2
2d2
ð2Þ
where E is the electric ﬁeld strength, V is an applied voltage, d is
the ﬁlm thickness, ε is the dielectric constant of the ﬁlm, and ε0 is
the permittivity of the free space. The capacitor voltage and the
dielectric constant of alumina mentioned previously in the text
were used as the values of V and ε in the calculations.
The UE value found from eq 2 was compared with the value
of ionization energy (per a volume unit) in the form of
(FNAWt)/(M), where F (2.83.0 g/cm3)33 and Wt (1.5 eV)34
are density and (molecular) thermal ionization energy of amor-
phous alumina, respectively,M is molar weight of Al2O3, and NA
is Avogadro’s number. According to the estimations, when the
ﬁlm thickness does not exceed the value of an order of 102 nm,
the energy of electrostatic ﬁeld in the ﬁrst stage of pulsed
discharge is enough to ionize the ﬁlm over the whole volume
(Figure 6b). Hence, at the ﬁrst stage of the pulsed discharge
anodization, the existing defects and polarization do not matter
since new defects are to be formed over again and consequently
the respective polarization is to be induced during the second
longer stage.
A pulsed discharge ﬁlm of about 200 nm thick represents
already a substantial insulator. High-voltage discharge breaks
down this insulator creating weakened paths within. This action
destroys the ﬁlm and makes further growth impossible. In a PEO
process, such a breakdown (a powerful arc) also results in a
coating damage.10 It seems that a pulsed discharge ﬁlm with the
thickness close to the maximal value can be hardly made thicker
by means of subsequent PEO since such a ﬁlm is low-defect.
High concentration of defects over the whole growing coating is
certainly essential for PEO since this allows multiple discharges
(soft sparking13) at a relatively low voltage. Defectness of PEO
coatings can be suggested to hamper their possible polarization.
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The potential induced in an oxide ﬁlm and measured by
SKPFM is a function of both the total embedded charge and its
distribution proﬁle.21 Provided the same charge is embedded, the
bigger spacing is between positive and negative charges (i.e., the
narrower the charge distribution proﬁle and/or the thicker the
ﬁlm (cf. Figure 6a and c), the larger the respective polarization.
The VPD values measured in as-prepared pulsed discharge
ﬁlms are comparable with that of the ﬁlms of the same thickness
obtained by the conventional anodization methods. At the same
time, the VPD value of the annealed pulsed discharge ﬁlms is
closer to the equilibrium level. This suggests that their measured
potential is contributed by a smaller amount of the embedded
charges located in narrower defect layers bordering the ﬁlm
interfaces. Thus, the pulsed discharge ﬁlms are less defective in
their inner layers than the respective alumina ﬁlms produced by
the conventional anodization methods.
5. CONCLUSIONS
A novel powerful pulsed discharge oxidation method allows the
production of homogeneous low-defect anodic ﬁlms up to
∼200 nm thick on an aluminum surface. The thickness values
estimated by independent methods (EIS and TEM) are in excellent
agreement which suggests a good homogeneity of these ﬁlms.
A pulsed discharge anodization process can be conventionally
divided into two stages: ionization and growth of a ﬁlm. Ioniza-
tion of the ﬁlm over the whole volume during the ﬁrst micro-
second of the process is an essential feature of the pulsed
discharge anodization as it causes fast ﬁlm growths and homo-
geneity. The ﬁlm thickness can be controlled during the anodiza-
tion process since this parameter is a power function of the
number of applied pulses with a scaling exponent 0.9.
It was found from SKPFM measurements that the anodic
alumina ﬁlms prepared by the pulsed discharge method have
more uniform surface structure and electrical properties which
are less dependent on the initial surface condition than those of
the ﬁlms prepared by the conventional anodization methods.
The pulsed discharge ﬁlms demonstrate the magnitude of
polarization comparable with those of the conventional anodic
ﬁlms of the same thickness. At the same time, in the pulsed ﬁlms,
the embedded charges locate in narrower defect layers bordering
the ﬁlm interfaces. In this respect, the pulsed discharge alumina
ﬁlms appear to have better barrier properties than the respective
anodic ﬁlms produced by the conventional methods.
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Thin TiO2 films were prepared on the titanium surface using the powerful pulsed discharge oxidation method (PPDO) in phosphoric
acid based electrolytes. The obtained films were characterized with electrochemical impedance spectroscopy (EIS), photocurrent
spectroscopy, scanning Kelvin probe force microscopy (SKPFM), and Mott-Schottky plot analysis. The potential dependence of
the space charge layer capacitance has demonstrated that the ionized donor concentration in the oxide is strongly influenced by the
electrolyte concentration used during the pulsed anodization. It is also shown that the main factor influencing the kinetics of the oxide
film growth is the concentration of point defects which, in turn is determined by the composition of electrolyte. SKPFM results show
a non-linear evolution of the Volta potential of the anodized surface with the film thickness reaching a plateau after film thickness
exceeds 100 nm. The results obtained clarify the mechanisms of titania film formation under high-voltage pulses and allow tuning
the semiconductive properties of thin oxide layers on titanium surfaces.
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Titanium and its alloys are materials widely used in many industrial
applications such as aerospace and automotive industries, as well as in
medicine due to their high corrosion resistance, hardness, high melting
point and biomedical capability.1–9 Titanium dioxide film which forms
spontaneously on the metal surface brings high resistance against
corrosion although is very thin (about 3–5 nm).10 However additional
surface modifications, such as injection of dopants, increasing the
dense oxide layer thickness, forming porous layers are often needed to
meet requirements of particular applications. Anodization of titanium
is an attractive method that can be used for surface modification giving
additional corrosion resistance, higher affinity to biological tissues,
and advanced electronic properties when compared to the native thin
oxide films.11–14 The anodic films formed on Ti surface can have
various morphologies from dense barrier layers to porous deposits
composed by separated nanotubes15,16
Titanium anodization can be performed in different electrolytes
including mineral acids. There are a number of publications, where
anodization has been carried out in phosphoric acid.17,18 The corrosive
attack of phosphoric acid to titanium and its alloys is relatively mild
probably due to the adsorption of phosphate ions on the surface of
the native metal oxide.19–21 Incorporation of phosphate ions in tita-
nium oxide can result not only in an increase of corrosion stability
in biological environment, but also in improved compatibility with
biological tissues.
Recently a new electrochemical technique, namely powerful
pulsed discharge oxidation (PPDO) of metals, has been suggested.22–24
In this technique, electrochemical reaction occurs at the metal-
electrolyte interface under the action of single high-voltage (>1 kV)
pulses. Growth of the film under these conditions occurs at much
higher rates than in the case of conventional galvanostatic or poten-
tiostatic methods.22 This results in the formation of oxide films with
properties different of those obtained by conventional approaches. For
example the anodic films prepared by the pulsed discharge method
on Ti in sulfuric acid electrolytes are constituted by a single uniform
dense amorphous oxide, while films of the same thickness prepared by
the conventional galvanostatic method present more complex structure
consisting of two layers: an inner crystalline and an outer amorphous
one.24–26
Powerful pulsed discharge method was also used to produce an-
odic films on the aluminum substrate. The main difference of the
anodization processes that occurring on these two metals originates
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from different electronic properties of the respective oxides. The oxide
prepared on aluminum shows well pronounced dielectric properties,
while the titania demonstrates typical semiconductor properties. In the
case of aluminum the structure of the anodic films prepared by both
the pulsed discharge technique and by the galvanostatic/potentiostatic
method is rather similar. However PPDO films are less dependent on
the starting metal surface conditions and show very uniform dielectric
properties as demonstrated by the even distribution of Volta potential
along the entire surface.23 In this work a new two-stage mechanism
of film growth under powerful discharge was also suggested. The full
ionization of entire anodic film occurs in a first step during a few
microseconds followed by a slower anodic faradaic process of film
formation. The fact that the entire film is fully ionized during the first
step leads to vanishing out the difference between different zones on
the surface and confers creation of a very uniform layer.
However some mechanistic details of the processes which occur-
ring on Ti during the anodization pulse and the main factors affecting
the process are not clear yet. In the present paper the titania anodic
films on titanium were prepared by the powerful pulsed discharge
method in phosphoric acid solutions with different concentration. A
set of electrochemical methods was used to clarify the effect of elec-
trolyte concentration on the kinetics of anodization processes and on
the electronic properties of the obtained film. This information is im-
portant for optimization of the PPDO method helping to predict the
influence of the electrolyte and other experimental conditions on the
final properties of the obtained films.
Experimental
The electrochemical cell used for the pulsed discharge oxida-
tion of titanium was made of high-impact polystyrene and consisted
of a Ti anode plate (Goodfellow, 99.999%, dimensions: 100 × 0.8
× 1 mm) with a working surface of 4.4 cm2 placed inside a cylindri-
cal Ti cathode (Alfa Aesar, 99.7%) with about 20 times larger surface
area. Titanium was chosen as a cathode material due to its high strength
and chemical stability. Both electrodes were mechanically polished
using abrasive papers up to grid 4000. Then the titanium electrodes
were chemically polished in a HF:HNO3 (1:3 by volume) mixture to
mirror finish and finally rinsed with deionized water.
The anodization of titanium in phosphoric acid electrolytes with
different concentrations (1, 2 and 4M) was performed. Electric dis-
charges between the electrodes were generated using a low-inductance
100 μF capacitor bank, charged to a definite voltage (1400 V). The
capacitor was commutated to the cell using a low-inertial relay trig-
gered by a synchronizing pulse. In order to prepare films with different
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thicknesses, the capacitor was discharged through the electrochemi-
cal cell between 1 to 5 times. The thickness of the films was found
to be a near linear function of the number of pulses with increment
of 25 nm/pulse. Time-current responses of discharges were recorded
using a Tektronix DPO7054 oscilloscope connected to the system and
synchronized with trigger.
The electrochemical impedance spectroscopy (EIS) measurements
were performed using a Gamry FAS2 Femtostat with a PCI4 Con-
troller in a frequency range from 105 to 10−3 Hz with 7 points per
decade. The measurements were carried out at room temperature in a
conventional three-electrode cell consisting of a mercury–mercurous
sulfate reference electrode, a platinum foil as a counter electrode and
the working electrode with an exposed area of 1 cm2. Impedance spec-
tra were recorded applying a 10 mV (RMS) sinusoidal perturbation
at an open circuit potential. The cell was placed in a Faraday cage
to avoid interferences with external electromagnetic fields. The elec-
trolyte used for EIS measurements was 0.1 M acetic buffer solution
(pH = 6.03). Before recording the spectra, the system was allowed to
attain a stable open circuit potential. At least two samples prepared
in the same conditions were tested to ensure reproducibility of the
results. The impedance plots were fitted using equivalent circuits by
means of the Elchem Analyst software from Gamry Inc.
In the photoelectrochemical study the working electrode was illu-
minated through a quartz window with monochromatic light (beam
area 0.12 cm2). The optical instrumentation consisted of a 150 W Xe
lamp (Oriel 6254), a 250 mm f18 monochromator (Oriel 77200), a
stepper motor to control the wavelength and a mechanical chopper.
The photocurrent was obtained by connecting the current output of
the potentiostat (EG&G 273) to a lock-in amplifier (Brookdeal EG&G
5210) and recording the voltage output due to the signal at 19 Hz (the
chopping frequency). The recorded values were then worked out to
calculate the photocurrent and the quantum efficiency values using a
spreadsheet software package.
TEM studies carried out using a Hitachi H9000 transmission elec-
tron microscope at an acceleration voltage of 300 kV. Electron trans-
parent sections of the samples for TEM were cut with a Leica Reichert
Supernova ultramicrotome. The main problem during preparation of
the titania samples was low stability of the oxide layer under high
energy beams (especially ion milling). The high energy can lead to
recrystallization of titania and misleading results. Taking into account
that crystallization is an important part of this work, ultramicrotomy
was chosen since it does not induce change in the crystallinity of the
oxides. However titanium is known to react with the material of a di-
amond knife leading causing its degradation. To reduce the damaged
area of the knife, small bars of the metal with oxide (less than 1 × 0.05
× 0.05 mm) were cut from the electrodes and embedded into resin.
Then the typical procedures of trimming were performed resulting in
locating the sample bar in the middle of the pyramid perpendicularly
to the cutting-off side. Finally sectioning with diamond knife was
performed. The sample thickness was about 15–20 nm.
Digital Instruments Nanoscope III atomic force microscope with
conductive Pt-Cr probes (Budget Sensors) was used for SKPFM mea-
surements. The measurements were performed in several areas in at
least two samples with identical oxide thickness. The obtained Volta
potential difference (VPD) values are presented versus the Volta po-
tential values measured on a pure Ni as a reference.
Results and Discussion
TEM characterization.— Figure 1 shows a cross-section TEM im-
age of titanium oxide film prepared by the high voltage pulse oxidation
method in solution of 1M phosphoric acid on the titanium substrate.
After 5 pulses a uniform oxide film with a thickness about of 120 nm
is formed. Neither crystallites nor different layers can be observed
in this film. The structure of the obtained film is similar to the one
produced in sulphuric acid electrolyte as reported elsewhere.24
Mott- Schottky analysis and photocurrent measurements.—
Impedance measurements provide essential information about physi-
Figure 1. Cross-section TEM image of the anodic film on titanium prepared
by high voltage method in 1M H3PO4 after 5 discharges (thickness of the film
is about 120 nm).
cal properties of oxide films measuring the electrochemical response
in a wide frequency range. In the case of semiconductive surfaces
the responses of the space charge region and the capacitance of bulk
oxide can result in appearance of respective relaxation processes on
the spectra.24 However these time constants are often overlapped and
cannot be easily discriminated. Application of external polarization
can help to separate response from capacitance of space charge re-
gion since only this component is influenced by the applied electrical
field. Thus acquisition of impedance spectra under electrical polar-
ization on the semiconductive electrode in this method can help to
define the frequency ranges, corresponding to the different regions of
the film (space charge region (SCR) and bulk oxide). In this way the
capacitance of SCR can be accurately estimated and used for Mott-
Schottky analysis to estimate electronic properties of the formed oxide
layers. This approach accounts for the shifts of corresponding time
constant in frequency domain conferring more adequate estimation of
capacitance value when compared to conventional single frequency
measurements.
A constant phase element (CPE) instead of a capacitor was used in
all fittings presented in the work. Such modification is needed when
the phase angle of the capacitor is different from −90 degrees. The
impedance of the CPE, ZCPE, depends on frequency, ω, according to
the following equation:
ZC P E = [Q ( jω)n]−1 [1]
where Q is a parameter numerically equal to the admittance (|Z|−1)
at ω = 1 rad s−1 and n ≤ 1 is a power coefficient calculated as ratio
of the maximum phase angle of the corresponding time constant to
−90 degrees. The detailed description of the fitting on a similar system
was previously discussed.24
The impedance spectra of the titania film with two different thick-
nesses and obtained under different polarization values are presented
in Fig. 2. The frequency range 10−2–100 Hz corresponds to one time
constant which can be interpreted as the space charge region (SCR)
of the semiconductor film. The second time constant appears at fre-
quencies 101–103 Hz, describing the bulk part of the film. The high-
frequency range of the spectra is not changed significantly under
polarization, showing that single frequency measurements (which are
usually performed at 103 Hz for Mott- Schottky analysis) cannot be
directly related to semiconductive properties of the film. This fact is
especially noticeable on the sample with 120 nm thickness (Fig. 2b).
At the first impression the EIS spectra of the 70 nm thick film seem
to be composed by only one time constant. However detailed analysis
of the spectra reveals an asymmetry in the phase angle plot which
can be interpreted as the presence of a second relaxation process.
The reason why this response is not well defined is that the space
charge region in this case occupies almost all volume of the film
leaving only a thin layer of bulk titania with a low resistance and a
capacitance significantly higher than that of the SCR layer. In this
situation the response of the bulk film is almost fully overlapping with
the dominating low-frequency time constant. Fitting of these spectra
(Fig. 3b) with two time constants model (Fig. 3a) results in a rather
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Figure 2. EIS spectra of TiO2 films prepared in 2M H3PO4 solution recorded
at different polarizations (from +0.8 V to −0.4 V vs. Hg/HgSO4 reference
electrode with step 0.2 V) with thicknesses of the oxide films 70 nm (a) and
120 nm (b).
accurate estimation of RC parameters for space charge (error is less
than 10%). It is worth to notice that the fitting with one time constant
equivalent circuit model gives a lower accuracy (error about 15–20%).
The second time constant is better defined in the region from 10 Hz
to 1000 Hz in the case of thicker films (Fig. 2b). The reason for this
is that for thicker films the contribution of the bulk part of the coat-
ing becomes more important, resulting in a well-separated response.
Fitting with two time constant model (Fig. 3a) gives relatively good
results (Table I, Fig. 3c) while use of one RC equivalent circuit can be
considered as unjustifiable oversimplification in this case. Calculation
of the capacitance from the constant phase element was previously
described.24
The SCR capacitance for all studied samples at different potentials
was calculated and used for the constructing Mott- Schottky analysis
(Fig. 4). A correction for the Helmholtz layer and bulk region capaci-
tance is not required in this situation, since fitting gives values of pure
capacity of the space charge region. The obtained Mott-Schottky plots
Figure 3. Model (a) and fitting results of 70 nm (b) and 120 nm (c) titanium
oxide films under −0.2 V polarization.
are typical for such systems and a linear part of the plots was used for
calculation the ionized donor concentration.
Figure 5a shows the dependence of the calculated ionized donor
concentration on the film parameters. The Nd increasing with the
Table I. Equivalent circuit parameters and respective errors (in%) obtained for fitting the impedance spectra of 120 nm thick film (Fig. 3c)
polarized at different potentials. nsc and nb are the power coefficients for the constant phase elements of SCR and bulk layer, respectively.
Applied Rsol Rsc × 10−7 CPEsc × 106 Rb × 10−6 CPEb × 103
potential (V) (Ohm cm2) (Ohm cm2) (S sn cm–2) nsc (Ohm cm2) (S sn cm–2) nb
−0.2 24 ± 1.4% 6.2 ± 2.7% 6.2 ± 0.51% 0.93 ± 0.14% 3.6 ± 7.4% 1.1 ± 8.1% 0.92 ± 1.1%
0 24 ± 1.8% 18 ± 2.9% 4.9 ± 0.44% 0.94 ± 0.22% 4.1 ± 8.9% 1.5 ± 9.0% 0.93 ± 6.1%
0.6 25 ± 1.9% 58 ± 2.9% 4.6 ± 0.45% 0.95 ± 0.91% 2.9 ± 8.8% 3.8 ± 8.9% 1.0 ± 14%*
*High value of error was obtained due to the limitation of the n. Maximum value of CPE exponent is 1, so higher values have no physical meaning.
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Figure 4. Mott-Schottky plots calculated from the SCR capacitance on titania
films (with thickness 70 nm (a) and 120 nm (b)) obtained in electrolytes with
different concentrations.
film thickness and with the electrolyte concentration. This can be
explained by the fact that the increase of electrolyte concentration
leads to a higher density of electron traps.
The photocurrent spectroscopy can be used as a complementary
tool to characterize the obtained films for better understanding of their
electronic structure. In the present work a qualitative analysis of the
photocurrent response obtained from the electrodes 120 nm thick in
the H3PO4 electrolytes with different concentrations are presented in
Fig. 5b. The general observed trend shows a decrease in the pho-
tocurrent with increasing the electrolyte concentration. Taking into
account that phosphor creates electron traps in titanium oxide, the
drop of photocurrent response with H3PO4 concentration increment
seems to be consistent (Fig. 5b). Higher concentration of phosphors
should exist in the film grown in the more concentrated electrolytes,
thus a higher number of electron traps are formed in the film. It is
also important to notice that the titania films prepared by PPDO in
phosphoric acid have a lower photoresponse in comparison to those
prepared in sulfuric acid.24
Volta potential measurements.— Scanning Kelvin probe force mi-
croscopy (SKPFM) was used as an effective method for studying
the electrical properties of the films. It was previously shown,23 that
PPDO anodizing of aluminum results in a more smooth Volta potential
map in comparison to conventional methods of anodization. Figure 6
shows the topography and surface potential maps of the titania films
with a thickness of 95 nm (4 pulses) prepared in H3PO4 solutions of
different concentrations. The titania films prepared by PPDO demon-
strate a very smooth Volta potential distribution (VPD) on the oxide
Figure 5. Ionized donor concentration, Nd (a), and photocurrent spectra (b)
of TiO2 films prepared in H3PO4 solutions with different concentrations.
surface similarly to the alumina. It is worth to notice that different
topology effects, such as grain boundaries and cavities originating
from the polishing procedure have almost no influence on the VPD.
Furthermore, the Volta potential distribution becomes smoother when
electrolyte concentration increases. Thus, for the sample prepared in
solution of 1M phosphoric acid, fluctuation of the VPD is ±1.5 mV,
while on the sample prepared in 4 M solution, the average deviation
is even lower.
Figure 7 demonstrates the evolution of the average Volta potential
values for 1M, 2M and 4M electrolytes with the increment of the
oxide thickness. The observed growth of surface potential on titania
is not linear in contrast to the results obtained on aluminum.23 This
non-linearity can be explained by the semiconductive nature of the
titania film, where surface charges can spread into volume of the film
much more easily than on an insulator film like alumina, avoiding
high charging of the film surface.
The shift of the VPD values to higher potentials for higher elec-
trolyte concentration can be explained as a result of better charge
separation originated from lower electrical conductivity of the films,
prepared in more concentrated solutions. However, it was not pos-
sible to obtain oxide films on titanium, with Volta potential higher
than 0.30 mV vs. Ni. Possible explanation of this fact can be that
in semiconductive films a certain maximal charge can be achieved.
Further charging is impossible because the stable charge separation
is limited by the recombination processes. A similar effect was ob-
served on aluminum samples, where after heat-treatment the potential
was also established at certain limit because of temperature-induced
recombination.23 The titania film does not need thermal activation for
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Figure 6. Topology (top) and measured potential distribution (bottom) on titania films with thickness 95 nm prepared by pulsed discharge anodization in phosphoric
acid electrolytes with different concentrations (1M (a), 2M (b) and 4M (c)).
the charge recombination since mobility of charge carriers in the semi-
conductive film at room temperature is already sufficient. In contrast
to the alumina films, it is also not possible to use the slope of the VPD
vs. thickness plot for the characterization of the film electronic proper-
ties. However, values of the Volta potential for the same thickness can
be used to compare films obtained in electrolytes with different con-
centrations. Thus, for all studied systems the VPD increases with the
electrolyte concentration until the plateau is reached. The influence of
the dopant type, its concentration and film preparation conditions on
the Volta potential still needs to be further investigated.
Discussion of the oxidation processes.— In previous work23 the
mechanistic details of discharge on Al surface were investigated and
growth model was proposed. In this section effect of the electrolyte
concentration on the kinetics and mechanism of pulsed anodic film
formation on Ti is discussed.
The pulsed discharge anodization process on aluminum can be
conventionally divided into two stages where the first one (short)
is about 1 μs long, with the characteristic current magnitude of
Figure 7. Volta potential measured on the titanium oxide films prepared by
PPDO method in H3PO4 solutions with different concentrations.
several kA.23 It has been proposed that ionization of an oxide film
(either native film or formed by previous oxidation) is the main pro-
cess during the first stage. In pulse discharge under action of high
field, the resistive oxide film fully ionizes giving plasma. During the
second (long) stage the growth of a new part of the layer occurs due
to migration of ions inside the plasma or destabilized film. In com-
parison to the conventional anodization processes the oxide growth
occurs in much higher electrical field and a higher total charge is
transferred in an unit time leading to a higher film growth rate dur-
ing the pulsed discharge anodization in comparison to the conven-
tional method. Opposite to aluminum, in the titanium case there is
no sharp distinction between the two stages (Fig. 8) and the border is
blurred.
As shown above, the amount of defect centers in the film rise with
increment of the electrolyte concentration. However, in the beginning
of discharge, these dopant atoms can play a role of ionization centers,
resulting in a higher ionization degree on the first stage. In the second
stage these dopants increase of the film growth speed as they play a
role of charge carriers rising mobility of ions in the destabilized film.
Figure 8. Influence of the concentration of H3PO4 on the current profiles
during pulse oxidation.
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As a result higher values of instantaneous current in the second stage
are observed. Thus the main factor, which play role in pulse duration,
is the concentration of dopant atoms in the oxide film.
In the first period of discharge, which corresponds to the oxide
ionization, the difference between current profiles obtained in different
electrolytes can be seen in Fig. 8. The highest current is observed for
the electrode in 4M solution of H3PO4. In the second period, which
corresponds to the ion migration and film growth, differences also
can be also seen. After 50 μs the current between electrodes in the
solution of 4M H3PO4 drops almost to zero, while in the solution of
2M it still has a value around 40A and in 1M phosphoric acid it is
almost 50 A.
The lower currents at the beginning of discharge are observed for
the anodic films grown in 1M phosphoric acid since the amount of
defects in these films is lower in comparison to more concentrated
electrolytes giving lower currents at the beginning of discharge. The
first stage is better defined in this case being close to the situation
obtained on aluminum. The ion transport also occurs with lower speed
due to the low amount of the defects increasing duration of the second
stage. In the case of current profile obtained in 4M solution, higher
concentration of the defects results in higher currents in the first stage
and also higher speed of film growth on the second one. These factors
bring to superposition of both stages, so it is almost impossible to
determine a border between two parts of the profile. In the other two
electrolytes the effect of two phases superposition is not so evident.
It is known that solution conductivity becomes higher with in-
creasing the phosphoric acid concentration. Taking into account that
the current after the first stage is lower for the solutions with higher
conductivity, we can consider that the solution conductivity doesn’t
play a main role in the discharge process.
Conclusions
Powerful Pulsed Discharge Oxidation (PPDO) is a novel method
of thin film preparation, which allows producing oxide films with
tailored properties, quite different of those obtained by other conven-
tional methods. Higher number of defects concentration in the film
with increased of phosphoric acid concentration in electrolyte was
confirmed by non-direct results, obtained from several complemen-
tary methods (Mott- Schottky analysis, photocurrent spectroscopy,
SKPFM).
SKPFM studies show uniformity of charge distribution on the films
prepared by PPDO. In contrast to the results obtained on aluminum,
it was observed that the dependence of Volta potential on the film
thickness is not linear, which can be explained by the semiconductive
nature of the titanium oxide.
Studies of the time evolution of current on titanium electrodes in
phosphoric acid solutions with different concentrations show that the
shape of the current profile does not depend on the electrolyte conduc-
tivity. The main role in the discharge profile is played by the dopant
concentration in the oxide film. Oxides with lower concentration of
dopants have well defined stages of ionization and film growth, while
in the case of films with a higher dopant concentration, the two stages
merge. The growth of the oxide also occurs with a higher rate for
the films with a higher concentration of dopants. Thus varying the
concentration of electrolyte the electronic properties of resulting ti-
tatnia films and the kinetics of their growth can be tuned for specific
applications.
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Aluminum Anodization in Deionized Water as Electrolyte
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Thin oxide films were prepared electrochemically on the aluminum surface using the high-voltage discharge and potentiostatic
methods in deionized water as an electrolyte. The growth of continuous films occurred only at potentials lower than the breakdown
potential. The films obtained by the discharge method are more uniform and can grow to a higher thickness in comparison to
those formed by the potentiostatic mode, as demonstrated by electrochemical impedance spectroscopy (EIS), transmission electron
microscopy (TEM), and scanning Kelvin probe force microscopy (SKPFM). The data herein obtained can be used as a reference to
understand better the properties of the films produced in conventional electrolytes where apart from water other species are present.
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Anodizing treatment is widely used on aluminum and its alloys
in industrial practice to enhance surface performance (corrosion re-
sistance, hardness and wear resistance) and to modify physical and
chemical properties of the metal surface.1,2 Anodization is a conve-
nient and important method of oxide film formation owing to low cost,
flexibility and easiness.3–7 There are several anodization processes
that are currently used: conventional anodic oxidation (potentiostatic
or galvanostatic) and plasma electrolytic oxidation (PEO).3–5,7 The
conventional anodization is well studied and allows growing oxide
films of controlled thickness and quality.5,7 The films can be par-
tially hydrated.5 The other method, PEO, which utilizes potentials
above the breakdown voltage of the oxide film growing on the anode
surface, makes possible to prepare well adherent, hard, ceramic-like
coatings.3,4 Both methods are currently applied in industry although
they are still under investigation. One of the problems, which appears
when studying the anodic oxides, is related to the impossibility of
preparing a pure oxide film without foreign atoms apart from metal
atoms of the substrate, oxygen and hydrogen atoms. In all electrolytes
used for anodization, different ionic species are added to increase
the conductivity of solution and the foreign atoms are trapped into
the growing oxide.8 According to the literature, the concentration of
the foreign atoms during anodic oxidation usually does not exceed
1%,9 however, impact of them on anodic film parameters, such as
concentration of ionized donors, conductivity and photosensitivity, is
significant. It was shown that the electrolyte concentration used for
anodization influences the dopant content in the oxide8 and even small
amount of ionic species in solution results in changes of the film prop-
erties. Thus, in order to have a reference point for further research it
is important to obtain an oxide film with minimal influence of foreign
atoms. One of the electrolytes that can help to decrease the amount
of entrapped foreign atoms in the oxide is anodization in hydroxide
solutions. Although the concentration of extraneous elements is lower
than the elements entrapped from the conventional electrolytes (such
as ammonium pentaborate), even in this case foreign cations will be
entrapped to the bulk of the film. Of course, impurity-free oxide on
the metal surface can be prepared by other methods, such as oxidation
in oxygen atmosphere at high temperature1 or in boiling water,10 but
the properties of the obtained films will be different of those prepared
by electrochemical oxidation. This motivates the present work where
only deionized water was used as an electrolyte.
The properties of the films obtained in the present work were
studied by scanning (SEM) and transmission electron microscopies
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(TEM), electrochemical impedance spectroscopy (EIS) and scanning
Kelvin probe force microscopy (SKPFM). SKPFM allows simultane-
ous mapping of topography and Volta potential distribution on passive
surfaces in air.11,12 The Kelvin probe methods are based on measure-
ment of Volta potential difference (VPD) between a surface and a
reference electrode. Several factors can influence the Volta potential
measurements, i.e. composition and structure of the oxide film cov-
ering the aluminum surface and intermetallics, tip–sample distance
and adsorption of different molecules at the surface. Previously it was
shown10,13 that the VPD distribution observed on some metal surfaces
correlates, for example, with their corrosion properties.
The main aim of the present work is to demonstrate the possibility
of preparing impurity-free anodic oxide films on valve metals, partic-
ularly aluminum, by high-voltage anodization in deionized water. The
current paper is the first part of a research focused on the preparation
of impurity-free oxides by electrochemical methods.
Experimental
The electrochemical cell used for anodization consisted of an alu-
minum (Alfa Aesar, 99.999%) anode with a working surface of 4 cm2
and Ti cathode (Alfa Aesar, 99.7%) with about 20 times larger surface
area. Titanium was chosen as a cathode material due to its high me-
chanical strength and chemical inertness. The electrodes were abraded
using abrasive papers up to grit 4000. Then the Ti electrode was chem-
ically polished in a HF:HNO3 (1:3 by volume) mixture. Aluminum
was electrochemically polished in C2H5OH:HClO4 (4:1 by volume)
electrolyte in potentiostatic regime at 20 V to a mirror finish. Af-
ter polishing, both electrodes were thoroughly rinsed with deionized
water.
Deionized water (18 × 106  · cm) prepared from distilled water
was used as an electrolyte for Al anodization. Preparation of the ox-
ide film on Al was performed by two different ways: potentiostatic
and high-voltage discharge methods. In the former, a constant voltage
in the range from 1000 to 2000 V with 200 V step was applied to
the electrodes using a Matsusada AU-3P400 high voltage power sup-
ply, and anodization was performed for different time intervals. The
discharge method was another technique, in which a low-inductance
100-μF capacitor bank, with a measured internal resistance of 2.2 ×
103 , charged to the same voltages as in the potentiostatic mode,
was then discharged to the cell. In order to prepare films with differ-
ent thicknesses, the capacitor was discharged sequentially through the
electrochemical cell between 1 and 30 times to the residual voltage
of 100 V. The length of discharge varied in the range of 200–350 s
depending on the film thickness. The thickness of the oxide film
was controlled by two parameters: initial voltage and number of
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discharges. In both methods, the resistance of the electrolyte plays
a very important role. During anodization, the resistance of deionized
water decreases from 8 × 105  to 1 × 105 , which could affect sig-
nificantly the process. The electrolyte was replaced by fresh portions
and all electrodes were carefully rinsed with deionized water after each
two discharges or if the resistance of the water in the electrochemical
cell, measured at the frequency of 1000 Hz, became lower than 6
× 105 . To compare the properties of the obtained anodic oxides,
anodization of Al was also performed in galvanostatic mode at a cur-
rant density of 10 mA/cm2 followed by potentiostatic anodization in a
0.1 M ammonium pentaborate ((NH4)2B10O16) aqueous solution.
Determination of the potential distribution in the electrolyte plays
an important role for this work. Theoretically, the potential drop can
be estimated by dividing the applied potential by the distance between
electrodes, but several parameters, such as potential drop on the elec-
trode surfaces, edge effects and nonuniformity of the electrolyte will
result in significant error. A better way is the measurement of the
potential between the counter electrode and a neutral point in the
electrolyte. In this case it is possible to determine non-uniformities of
the electrolyte conductivity and avoid errors connected with processes
on the electrode (the current between the counter electrode and tip is
negligible). However, in this case the geometry plays a role (flat elec-
trode vs. point tip), thus modelling and calculations become difficult.
To avoid this problem two electrodes with platinum tips (10 μm in
diameter) were placed in the electrolyte bulk between the cathode
and the anode. In this case the geometry is not relevant (point tip
vs. point tip). The distance between tips can be varied, and they can
be placed in different parts of the electrolyte bulk to determine the
field distribution. To determine the potential at the electrode surface,
E, the cell geometry was taken as two parallel electrodes in high-
resistance electrolyte. Over the main part of the surface the potential
distribution is uniform. Due to the high resistivity of the electrolyte,
the influence of the volume and distance to the walls of the cell can be
ignored.
In highly resistive electrolytes, like deionized water, the anodic
film thickness cannot be estimated by the applied voltage or by the
charge passed through the cell during the discharge as in the case of
the traditional anodization. Electrochemical impedance spectroscopy
(EIS) is an effective tool to estimate the thickness of oxide films
as well as to obtain information about their structure, for example,
crystallinity and defects. In the present work, the thickness of the
alumina films was evaluated using EIS measurements and confirmed
by TEM. For the sake of comparison, thickness of the oxide was also
estimated for the discharge-prepared films from the voltage vs time
plots.
The EIS measurements were performed using a Gamry FAS2 Fem-
tostat with a PCI4 Controller in a frequency range from 105 to 10−2
Hz with 7 points per decade. The measurements were carried out at
room temperature in a conventional three-electrode cell consisting of
a mercury–mercurous sulfate reference electrode, a cylindrical plat-
inum foil as a counter electrode and the working electrode with an
exposed area of 1 cm2. Impedance spectra were recorded by applying
a 10 mV (RMS) sinusoidal perturbation at the open circuit potential.
The cell was placed in a Faraday cage to avoid interferences with
external electromagnetic fields. A 0.1 M ammonium pentaborate so-
lution was used as the electrolyte for EIS measurements. At least
five samples prepared in the same conditions were tested to ensure
reproducibility of the results. The impedance plots were fitted using
equivalent circuits by means of the Echem Analyst software from
Gamry Inc.
Transmission electron microscopy (TEM) was carried out using
a Hitachi H9000 microscope at an acceleration voltage of 300 kV.
Electron transparent sections of the samples for TEM were cut with a
Leica Reichert Supernova ultramicrotome. Investigation of the surface
topography was performed using a Hitachi SU-70 SEM.
A Digital Instruments Nanoscope III atomic force microscope with
conductive Pt-Cr probes (AppNANO) was used for SKPFM mea-
surements. The obtained VPD values are presented versus the VPD
measured for pure Ni as a reference.
Results and Discussion
The results of Al anodization in deionized water under high-voltage
potentiostatic and discharge modes with applied voltages between
1000 and 2000 V (Table I) showed that up to 1600 V in both cases
oxide films with different properties can be obtained. For the first
method the film thickness ranged from 5 to 12 nm (lower values are
for lower voltages). Between 1000 and 1600 V the film was found to
be uniform if anodization was performed during 1–2 minutes depend-
ing on the applied potential (Table I). In the case of the lower voltage
range (1000–1200 V) it was possible to generate films up to 2 minutes
of anodization. However, anodization for a period less than 1 minute
resulted in formation of thin films, which thickness was comparable
with natural oxide. In the case of the higher voltages (1400–1600 V)
anodization was performed for 1 or 1.5 minute. The film thickness
is limited by two parameters: the thickness of the natural oxide from
the lower side and the breakdown of the film from the higher one.
Longer anodization of the electrodes resulted in breakdown of the
films. Application of potentials of 1800 and 2000 V in the potentio-
static method also resulted in breakdown of the film (Fig. 1A). For
the discharge method, the film thickness was between 9 and 11 nm
after 20 discharges and between 14 and 16 nm after 30 discharges
for U = 1000–1200 V. When the voltage increased up to 1400–1600
V, the thickness rose to 15 nm after 10 discharges and 26 nm after
20 discharges. Under discharge mode the film still grew at 1800 V,
Table I. Anodic film thickness, applied potential at the electrode after correcting for the ohmic drop in solution (E) and oxide growth parameters
for aluminum anodized in deionized water at different applied voltages.
Potentiostatic method Discharge method
U0/V Time, min. Thickness, nm Number of discharges Thickness, nm Parameter β × 10−2 E/ V
1000 2 5 ± 3 20 9 ± 3 5,8 62
30 14 ± 4
1200 2 6 ± 2 20 11 ± 3 5,3 75
30 16 ± 4
1400 1,5 9 ± 4 10 14 ± 2 4,6 88
20 24 ± 2
1600 1 12 ± 4 10 15 ± 2 4,4 100
20 26 ± 2
1800 - Breakdown occurs from the
beginning of the process.
5–7 16 ± 2 4,9 115
2000 - Breakdown occurs from the
beginning of the process.
- Breakdown occurs
after the first
discharge.
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Figure 1. SEM images of the film breakdown on the oxides prepared at applied
voltage of 2000 V by the potentiostatic (A) and discharged (B) methods.
reaching a maximum thickness of 16 nm after 5–7 discharges. At
2000 V the oxide film cannot be prepared by either methods, since
breakdown occurred (Fig 1B). It should be noted, that in the case
of the high-voltage potentiostatic method, the results show very poor
reproducibility of breakdown events: even small fluctuations of pa-
rameters such as resistivity and amount of gases (oxygen and nitrogen)
in the electrolyte, preparation and purity of the electrode surface can
influence the process.
In contrast to the high-voltage discharge anodization in highly
conductive electrolytes,14–16 the process in deionized water cannot be
explained by the same mechanism and has a significant difference
in duration. As it was shown previously15 in highly conductive elec-
trolytes, such as 0.1 M ammonium pentaborate, the full discharge
takes less than 0.5 s. In deionized water the applied voltage decays
down to 100 V over a period of more than 100 s (Fig. 2). In deionized
water, the measurements do not reveal the presence of plasma since
besides the time elapsed, the current is low compared to previous
works.8,15 This is due to a large potential drop in the electrolyte bulk.
In the conventional electrolyte, a plasma layer is formed on the anode
surface and the oxide growth occurs in this layer.8,15 Taking into ac-
count the growth rate of the films, their composition and structure, it
can be suggested that the growth mechanism is similar to that obtained
in potentiostatic method in conventional solutions where plasma is not
similarly formed during film growth.10
In highly conductive solutions such as potassium hydroxide, an
increase of the voltage to values higher than 100 V usually results in
the formation of oxide film by PEO process, where a breakdown of the
oxide followed by formation of plasma discharges and rapid growth
of the porous anodic film occurs. However, in deionized water due to
its high resistivity, no faradaic processes take place up to voltages of
1000 V. Further increment of the voltage to higher values leads to the
formation of a thin oxide film. The growth of the oxide under such
conditions is limited to the range of 1000 kV–1800 kV (Table I). At a
certain voltage applied to the electrode, breakdown occurs only when a
certain thickness of the oxide is reached. The same happens if the film
is thick enough, but the voltage is lower than that required for filament
formation (this voltage is the border between conventional anodization
and PEO). In the case of potentiostatic oxidation, a constant potential
is applied to the electrode, resulting in breakdown of the oxide when
the thickness is enough (critical thickness) for the filament formation.
Thus the thickness of the oxide is a limiting factor for dense oxide
growth in high voltage anodization.
Electron microscopy (TEM and SEM) examination of the Al sam-
ples anodized by the potentiostatic method demonstrates a nonuni-
form oxide thickness distribution across the electrode surface (Figs.
3A, 3C). However, the films prepared by the high-voltage discharge
method were found to be more uniform, without defects and fluctua-
tions of the thickness (Figs. 3B, 3D). The oxide structure in the latter
case is similar to the films previously prepared by powerful pulsed
oxidation in ammonium pentaborate.15
SKPFM measurements (Fig. 4A) on the Al surfaces treated in
deionized water by potentiostatic oxidation demonstrate nonuniform
charge distribution on the surface: the Volta potential changed across
the film, rising in the most defected zones (up to +10 mV vs. Ni) and
decreasing in the intact areas (down to −9.7 mV vs. Ni). These results
are a consequence of the nonuniform thickness of the oxide in the
different areas.10,15 It was also observed that applying a constant high
voltage to the electrochemical cell with deionized water (for periods
longer than 1–2 min) led to the appearance of breakdown processes
on the surface.
In contrast to the case of potentiostatically prepared samples,
SKPFM studies of the discharge prepared ones (Fig. 4B) showed
low fluctuation of the Volta potential. Furthermore, the surface po-
tential rose as the oxide film thickness increased (Fig. 4C), which is
in a good agreement with the observations reported previously.10 In
the case of this method, as the voltage was applied through discharge
of a capacitor, the conditions for film breakdown were not met. The
voltage applied to the electrodes was lower than the minimum needed
for breakdown of the oxide film. Thus, the pulse method seems to be
effective for preparing impurity free thin anodic oxide films in highly
resistive electrolytes.
The current flowing through an electrode depends on the total
overpotential, η, which can be divided17 in the following components:
η = ηres + ηconc + ηact [1]
where ηres describes the resistance overpotential resulting from the
ohmic drop in the bulk of the electrolyte, ηconc is the concentration
overpotential which is related to mass transfer and ηact is the acti-
vation overpotential. Due to the high resistivity of deionized water,
the overpotential ηres should be significantly higher in comparison
to the conventional electrolytes. In order to estimate the ηres value,
two platinum tips were placed in the middle part of the cell and the
Figure 2. (A) Discharge plots for the aluminum anodization by discharge
method at different potentials applied to the Al electrodes. (B) Discharge plots
for the aluminum anodization by discharge method at 1000 V applied to the
electrode covered with oxide film with different thicknesses.
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Figure 3. TEM cross sectional images (A, B) and SEM images (C, D) of
aluminum oxide prepared by high-voltage potentiostatic (A, C) and discharge
(B, D) methods.
voltage between them was measured. The distribution of the field in
the bulk of the electrolyte was found to be uniform. The voltage avail-
able for the electrochemical process at the electrode for the initial
voltage (time = 0):
E = U − ηres [2]
can thus be estimated for the different applied potentials (Table I).
During the film growth some ions can be injected from the elec-
trode into deionized water (even in small amount), resulting in local
fluctuations of the solution resistance. In such regions, the electrode
potential can change. The film growth occurs preferentially in these
areas and the amount of charge used for the oxide film growth on the
rest of the surface will be lower. In the case of the discharge method,
the electrolyte can homogenize and the layer near the electrode can be
restored due to the diffusion process between the discharges, resulting
in more uniform film growth (Fig. 3).
To understand better the processes, that occur during the dis-
charge anodization, the temporal evolution of the applied voltage
was recorded (Figs. 2A, 2B). It was found that the discharge plot con-
sisted of two parts, both of which can be described by the equation of
capacitor discharge,20 but with different resistance parameters:
Ut = U0
(
e
− t
βC
)
[3]
where Ut is the voltage after the time (s), t, from the beginning of the
discharge, U0 is the initial applied voltage, C is the capacitance and β is
the resistance parameter. Both parts of the plots can be easily separated
(Figs. 2A, 2B); the first part is highly influenced by the applied voltage
and does not change with the oxide thickness, while the second part is
displaced positively with the film thickness. Fitting the first part of the
plots obtained at different applied voltages (Fig. 2A) using Equation
3, the parameter β can be estimated (Table I). In the second part, the
faradaic process related to the oxide growth does not take place. The
resistance between electrodes becomes significantly higher than the
internal resistance of the capacitor and the only process that takes
place, is self-discharge of the capacitor. Thus the film growth occurs
only during the first period of the discharge and only depends on the
initial voltage applied. The change in the voltage U0 in the second
part of the plot is linearly related to the thickness of the oxide formed.
Thus it is possible to estimate the thickness of the film using the value
of U0 obtained from the fitting of this section of the discharge plot.
Figure 4. SKPFM images of aluminum samples with oxide thickness of 15
nm anodized by high-voltage anodization at applied voltage of 1600 V by
potentiostatic (A) and discharge (B) methods. Volta potential difference versus
thickness of the alumina films (different number of discharges) prepared by
discharge method at an applied voltage of 1600 V (C).
Considering that the resistance parameter β is the same for all
the films and very close to the values found for self-discharge of a
capacitor (2.2 × 103 ), it is possible to fit the second part of the
plot using Equation 3 and reveal the parameter U0. Estimated values
of thickness were found to be in good agreement (less than 5%) with
values in Table I obtained from EIS and TEM measurements.
EIS measurements of the anodized aluminum samples with an
oxide thickness of 20 nm prepared by different methods are displayed
in Fig. 5. The impedance values of the specimens prepared by high-
voltage potentiostatic anodization (red dash line) are higher than those
measured on the pure metal coated only by the native oxide (black solid
line), but significantly lower in comparison with those prepared by the
discharge method (dash dot green line) and conventional anodization
in ammonium pentaborate solution (dot blue line). This last film was
prepared for the sake of comparison by galvanostatic followed by
potentiostatic anodization in solution of ammonium pentaborate. The
advantages of the two-step method of anodization in comparison with
pure galvanostatic are described in the literature.10,18,19 Alumina films
prepared in this way have been well studied and have a dense uniform
structure.10,15,18,19 According to the data from electron microscopy
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Figure 5. The impedance spectra recorded on as-polished Al with a native
oxide film (black solid) and anodized aluminum in different conditions: Al
with: 10 nm thick oxide prepared by potentiostatic method in deinonized
water (red dashed line); oxide with thickness of 20 nm prepared by discharged
method in deionized water (blue dotted line); oxide with thickness of 20
nm prepared by conventional anodization in ammonium pentaborate solution
(green dash-dot). Experimental: points; Fitting: lines.
(Figs. 3B, 3D) and SKPFM (Fig. 4B), the topography of the films
prepared by the discharge method is similar to those obtained by the
conventional method.
The EIS spectra were fitted with a model, that consists of a constant
phase element (CPE) in parallel with a resistor (R) corresponding to
the oxide film, in series with an additional resistor element, which
describes the electrolyte. The physical origin of the CPE has been
widely discussed in the literature.21 The impedance of the CPE, ZCPE,
depends on frequency, ω, according to the following equation:
ZC P E = [Q ( jω) n]−1 [4]
where Q is a parameter numerically equal to the admittance (|Z|−1) at
ω = 1 rad s−1 and n (≤ 1) is a power coefficient calculated as the ratio
of the measured maximum phase angle and −90 degrees. The fitting
of the spectra shows a high goodness (<10−6 according to the Echem
Analyst software) and low error (< 1% for all parameters) (Fig. 5).
The value of effective capacitance, Ceff, was estimated by assuming a
normal time-constant distribution through a surface layer by equation
5 derived by Hirschorn et al.:22
Cef f = Q1/n R(1−n)/n [5]
The capacitances of all films prepared by the discharge method were
higher by 5–10% than for the films prepared by conventional method.
Capacitance, C, is related to thickness, d, by the following equation:
C = εε0 Sd [6]
where S is the surface area and ε is the dielectric constant of the film
and ε0 is the vacuum permittivity (8.854 × 10−12 F · m−1). Taking into
account that the thickness of the samples prepared by both methods is
similar (20 nm) and using Eq. 6 it was found that the aluminum oxide
prepared by electrochemical oxidation of Al in deionized water has a
dielectric constant of 9.3–9.9 with a mean value of 9.8. This value is
slightly higher than the value obtained for the alumina (9.0) produced
by conventional anodization.
Conclusions
The formation of oxide films on the aluminum surface in deionized
water was demonstrated in the current work by several methods: TEM,
EIS, SKPFM. Images and properties of the films are in good agreement
with those widely presented in literature for different conditions.
Discharge and potentiostatic methods were used to prepare thin
oxide films on the surface of aluminum in deionized water. The maxi-
mum thickness of the anodic film increased with increasing the applied
voltage, but at voltages over 1800 V oxide film cannot be prepared
by either methods due to film breakdown. The maximum thickness
of the film was 12 nm for the potentiostatic method and 26 nm for
the discharge method. The alumina films obtained by the discharge
method have also better uniformity in comparison to those prepared
by the potentiostatic method. Both films have a dielectric constant
comparable to that for the alumina films obtained in conventional
electrolytes.
The data here obtained can be used as a reference for better un-
derstanding of the properties of anodic films prepared in conventional
electrolytes. Further investigation allowing to obtain additional pa-
rameters, such as nature of defects, charge carriers concentration,
etc., will be pursued.
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